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Abstract

Living a long and healthy life is a central human desire. While the human average age has
been increasing since generations, age-associated pathologies comprising cancer and cardi-
ovascular diseases are the main cause of death in Western countries. This makes biological
ageing, which is defined as a progressive decline of function in cells and tissues throughout
an organism over time, a major challenge for society. Using forward genetic screens in the
nematode Caenorhabditis elegans (C. elegans), genetic signalling pathways have been identi-
fied to control the ageing process, such as the insulin/IGF-like signalling (IIS) pathway. In
the past decade, genetic techniques have improved massively and nowadays allow the com-
bination of chemical mutagenesis and whole genome sequencing. To uncover novel genes
that modulate the process of ageing, Dr. Martin Denzel and his team performed the first
forward genetic screen in C. elegans, directly aiming for enhanced lifespan in mutant worms,
and combined it with whole genome sequencing of the long-lived animals. This strategy
allowed screening at amino acid resolution, generated loss- and gain-of-function mutations
and affected non-essential and essential genes. The overall research aim of this PhD project
was the identification of novel conserved biological mechanisms of ageing, making use of the
forward longevity screen.

From the described screen, we identified over 100 worm lines with a mean lifespan extension
of 18 % and more compared to a control and sequenced their whole genomes. Using a stringent
pipeline to identify candidate longevity genes from the sequencing data, we were able to
find novel alleles of known longevity genes, for example within the IIS pathway, validating
our approach. We further found mutations in genes belonging to the translation initiation
pathway and the integrated stress response (ISR) to be causative for longevity. The process
of mRNA translation initiation relies on the activity of the eukaryotic translation initiation
factor 2 (eIF2) and it’s guanine nucleotide exchange factor eIF2B. Upon organismal stress,
different kinases can phosphorylate eIF2. The kinases thereby inhibit eIF2 and eIF2B function
and thus down-regulate global protein synthesis. This mediates further downstream effects
in form of a transcriptional reprogramming, all together forming the ISR and adapting the
animals to cellular stress. A reduction of global mRNA translation was shown to be associated
with longevity in multiple research lines. From the forward longevity screen, we revealed a
mutation in iftb-1, the β subunit of the eIF2 complex, that decreased mRNA translation
and therefore extended lifespan. Strikingly, we further identified mutations in the worm eIF2
kinases gcn-2 and pek-1 as well as in ppp-1, the γ subunit of eIF2B. These mutations caused
longevity without a reduction of overall protein synthesis. While global mRNA translation
remained unchanged in the ppp-1 mutants, we identified the specific translation of selected
mRNAs to be altered. We further identified the selective translation of uncharacterised kin-35
to be required for longevity in ppp-1 animals.

We showed that the mutations in gcn-2, pek-1 and ppp-1 likewise inhibited ISR activity.
We therefore speculated that a full genetic ISR inhibition causes longevity in C. elegans. We
generated a phosphorylation-deficient S51A mutation in eIF2 that fully impaired the ISR
in the respective worms. This full ISR inhibition strikingly caused longevity. We further
provided evidence that pharmacological ISR inhibition extends lifespan in the nematode.
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Phenocopying the ppp-1 animals, during full genetic or partial pharmacological inhibition of
the ISR, bulk protein synthesis was unaffected. However, the longevity relied on kin-35 in
all cases. In sum, we showed that a genetic or pharmacological inhibition of the ISR affects
worm survival without suppression of global mRNA translation. Instead, we showed that
a translational switch is required for the observed lifespan extension. From our results, we
speculate that ISR inhibition and a tuning of mRNA translation might be a viable option to
also promote healthy ageing in higher organisms including mammals and potentially humans.

While strong genetic and biochemical research techniques come to use in C. elegans, tissue-
specific studies are limited due to the small size of the worm. Hence, our studies on the role
of a translational switch in longevity during ISR inhibition were restricted to whole body
analyses. Another aim of my dissertation therefore was the generation of novel research
tools to enable the comprehensive analysis of tissue-specific translation from C. elegans.
Together with the team of assoc. Prof. William Mair (Harvard T.H. Chan School of Public
Health), we used the CRISPR/Cas9 technology to generate worms with a biochemically
tagged ribosomal protein expressed either endogenously or within selected tissues only. We
deeply characterised the effects of the biochemical ribosome tags (RiboTags) regarding worm
health or changes in translation without detecting any undesired phenotypes or side-effects.
Finally, the endogenously or tissue-specifically expressed RiboTags enabled us to pull down
fully assembled ribosomes including the translated mRNA from co-immuno-precipitations
(co-IPs). The quality of the eluted RNA was sufficient for subsequent RNA sequencing. The
sequencing and analysis of purified RNA from RiboTag co-IPs of neuron-specifically tagged
ribosomes confirmed the tissue-specificity of the approach. We aim to generate more worm
lines expressing a RiboTag in different tissues such as the muscle or intestine. We provide a
clean neuronal RiboTag model that was characterised in depth and will be used to study the
role of tissue-specific translation in the context of ageing and longevity, for example during
ISR inhibition in ppp-1 -mutant animals.
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Zusammenfassung

Ein langes und gesundes Leben zu führen ist ein zentraler Wunsch des Menschen. Während
das Durchschnittsalter der Menschen seit Generationen ansteigt, sind alters-assoziierte Krank-
heiten wie Krebs und Herz-Kreislauf-Erkrankungen die Haupttodesursache in westlichen
Ländern. So wird das hohe gesellschaftliche Durchschnittsalter zu einer großen Herausforder-
ung für die Gesellschaft. Biologisch gesehen ist das Altern definiert als ein fortschreitender
Funktionsrückgang von Zellen und Geweben im gesamten Organismus im Laufe der Zeit.
Mit Hilfe von genetischen Mutagenese-Screens im Fadenwurm Caenorhabditis elegans (C. el-
egans) wurden genetische Signalwege identifiziert, die den Alterungsprozess kontrollieren, wie
zum Beispiel der Insulin/IGF-like Signalweg (IIS). Im letzten Jahrzehnt haben sich die genet-
ischen Labortechniken massiv verbessert und erlauben heute die Kombination von chemischer
Mutagenese und Hochdurchsatz-Sequenzierung. Um neue Gene zu entdecken, die den Alter-
ungsprozess modulieren, führten Dr. Martin Denzel und sein Team den ersten genetischen
Mutagenese-Screen in C. elegans durch, der direkt auf eine erhöhte Lebensspanne in mu-
tierten Würmern abzielte und mit einer Hochdurchsatz-Sequenzierung der langlebigen Tiere
kombiniert wurde. Diese Strategie ermöglichte ein Mutagenese-Screening mit einer Auflösung
im Aminosäure Bereich, generierte Loss- und Gain-of-Function Mutationen und beeinflusste
nicht-essentielle sowie essentielle Gene. Das übergeordnete Forschungsziel dieses Projekts war
die Identifizierung neuer konservierter biologischer Mechanismen des Alterns unter Nutzung
des Mutagenese-Screens für Langlebigkeit in C. elegans.

Aus dem beschriebenen Screen identifizierten wir über 100 Wurmlinien mit einer mit-
tleren Lebensverlängerung von 18 % und mehr im Vergleich zu nicht-mutagenisierten Tieren.
Anschließend sequenzierten wir das Genom der langlebigen Tiere. Mithilfe einer stringen-
ten Strategie zur Identifizierung von Kandidatengenen aus den Sequenzierungsdaten kon-
nten wir neue Allele bekannter Langlebigkeitsgene finden, zum Beispiel innerhalb des IIS-
Signalwegs. Dies validierte unseren Ansatz. Darüber hinaus fanden wir Mutationen in
Genen, die zur Initiation der Translation von mRNA und zur integrierten Stressreaktion
(ISR) gehören. Wir konnten zeigen, dass die entsprechenden Mutationen Langlebigkeit
in Würmern verursachen. Der Prozess der mRNA-Translations-Initiation beruht auf der
Aktivität des eukaryotischen Translations-Initiations Faktors 2 (eIF2) und seines Guanin-
Nukleotid-Austauschfaktors eIF2B. Unter zellulärem Stress wird eIF2 durch verschiedene
Kinasen phosphoryliert. So hemmen die Kinasen die Funktion von eIF2 und eIF2B und
regulieren damit die globale Proteinsynthese herunter. Dies vermittelt weitere Downstream-
Effekte in Form einer transkriptionellen Umprogrammierung, welche die Tiere an den zel-
lulären Stress adaptiert. Eine Reduktion der globalen mRNA-Translation wurde bereits
mit Langlebigkeit in Verbindung gebracht. Aus dem Mutagenese-Screen für Langlebigkeit
haben wir eine Mutation in iftb-1, der β-Untereinheit des eIF2-Komplexes, entdeckt, welche
die mRNA-Translation verringerte und damit die Lebensspanne der Würmer verlängerte.
Weiterhin identifizierten wir Mutationen in den eIF2-Kinasen gcn-2 und pek-1 des Wurms,
sowie in ppp-1, der γ-Untereinheit von eIF2B. Interessanterweise verursachten diese Muta-
tionen Langlebigkeit ohne eine Reduktion der gesamten Proteinsynthese. Während die globale
mRNA-Translation in den ppp-1 Mutanten unverändert blieb, konnten wir aufzeigen, dass
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die Translation ausgewählter mRNAs in den ppp-1 Tieren verändert war. Weiterhin zeigten
wir, dass die selektive Translation von kin-35, einem bislang uncharakterisierten Gen, für die
Langlebigkeit in ppp-1 Tieren erforderlich ist.

Die Mutationen in gcn-2, pek-1 und ppp-1 hemmten die Aktivität der ISR. Wir spekulier-
ten daher, dass eine vollständige genetische ISR-Inhibition Langlebigkeit in C. elegans ver-
ursacht. Wir erzeugten eine phosphorylierungs-defiziente S51A-Mutation in eIF2, welche die
ISR in den entsprechenden Würmern vollständig hemmte. Diese vollständige ISR-Inhibition
führte ebenso zu Langlebigkeit wie die Mutationen in ppp-1. Wir konnten außerdem nach-
weisen, dass auch eine pharmakologische ISR-Inhibition die Lebensspanne im Fadenwurm
verlängert. Wie beobachtet in den ppp-1 Tieren, war während der vollständigen genetischen
oder teilweisen pharmakologischen Hemmung der ISR die Gesamt-Proteinsynthese unbee-
influsst. Die Langlebigkeit hing jedoch in allen Fällen von der selektiven Translation von
kin-35 ab. Zusammenfassend konnten wir zeigen, dass ein Fine-tuning von eIF2 durch genet-
ische oder pharmakologische Hemmung der ISR das überleben der Würmer beeinflusst, ohne
dabei die gesamte Proteinsynthese zu modifizieren. Wir konnten zeigen, dass die Transla-
tion spezifischer mRNAs für die beobachtete Lebensverlängerung erforderlich ist. Aufgrund
unserer Ergebnisse spekulieren wir, dass die Hemmung der ISR und ein Fine-tuning der
mRNA-Translation eine praktikable Option sein könnte, um auch in höheren Organismen,
einschließlich Säugetieren und Menschen, gesundes Altern zu fördern.

Während in C. elegans verschiedenste genetische und biochemische Forschungstechniken
zum Einsatz kommen, sind gewebespezifische Studien aufgrund der geringen Größe des Wurms
begrenzt. Daher beschränkten sich unsere Untersuchungen zur Rolle der selektiven Trans-
lation in Alterungsprozessen auf Ganzkörperanalysen des Wurms. Ein weiteres Ziel meiner
Dissertation war daher die Generierung neuartiger Forschungswerkzeuge, die eine umfassende
Analyse der gewebespezifischen Translation in C. elegans ermöglichen. Zusammen mit dem
Team von Assoc. Prof. William Mair (Harvard T.H. Chan School of Public Health) verwen-
deten wir die CRISPR/Cas9-Technologie, um Würmer mit einem biochemisch markierten
ribosomalen Protein auszustatten, das entweder endogen oder nur in ausgewählten Geweben
exprimiert wird. Wir charakterisierten die Auswirkungen der biochemisch getaggten Riboso-
men (RiboTags) auf die Gesundheit der Würmer und auf Veränderungen der Translation,
ohne unerwünschte Phänotypen oder Nebenwirkungen festzustellen. Schließlich konnten wir
die endogen und gewebespezifisch exprimierten RiboTags dazu nutzen, vollständig assem-
blierte Ribosomen einschließlich der translatierten mRNA aus Co-Immuno-Präzipitationen
(Co-IPs) zu isolieren. Die Qualität der eluierten RNA war ausreichend für eine anschließende
RNA-Sequenzierung. Die Sequenzierung und Analyse der eluierten RNA aus RiboTag-Co-IPs
von Neuronen-spezifisch markierten Ribosomen bestätigte die Gewebespezifität des Ansatzes.
Unser Ziel ist es, weitere Wurmlinien zu generieren, die einen RiboTag in verschiedenen
Geweben wie dem Muskel oder dem Verdauungstrakt exprimieren. Wir stellen hiermit ein
neuronales RiboTag-Modell zur Verfügung, das eingehend charakterisiert wurde. Perspektiv-
isch soll es dazu verwendet werden, die Rolle der gewebespezifischen Translation im Zusam-
menhang mit Alterung und Langlebigkeit zu untersuchen, zum Beispiel während der ISR-
Hemmung in ppp-1 -mutanten Würmern.
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1 Introduction

Having a long and healthy life mesmerises humankind since ancient times and longevity myths
exist for a similar timespan. In the Chinese philosophical tradition Taoism, the legendary
long-lived figure Peng Zu supposedly lived for 834 years and his figure is worshipped for his
happy and healthy long life (so in E. Wongs "Tales of the Dancing Dragon: Stories of the
Tao", 2007). The Hebrew Bible describes Methuselah to have lived for 969 years and the
name has become a synonym for longevity in Western culture ("as old as Methuselah") and
science (for example in the long-lived Drosophila mutant methuselah and a corresponding
gene class; Lin et al. (1998)). Legendary lifespan-prolonging interventions have found their
way into many myths with the fountain of youth being mentioned as early as the 5th century
BC (Herodotus, The Histories Book III: 23) and the philosopher’s stone, also called the elixir
of life, being implemented in modern pop culture (so in J.K. Rowlings "Harry Potter and
the Philosopher’s Stone", 1997). The many myths around old ages and longevity show that
having a long and healthy life is a central human desire.

Surprisingly, it was only in the early 20th century that studies on ageing collectively were
defined as gerontology (Achenbaum and Levin, 1989). Gerontologic research shows that
ageing is a multifaceted progress in life comprising biological, psychological and social mech-
anisms. Hence, how we age is influenced by external and internal circumstances that can be
of social, organismal or cellular nature (Kruse and Wahl, 2010). In terms of individual ageing
processes, ageing starts with one’s birth and it ends with one’s death. It affects everyone
through all age groups. Biologically, ageing is understood as the irreversible change in one’s
physical substance as a function of time (Bürger, 1960). More focussing on changes that
occur late in life, ageing can also be characterised as the progressive loss of physiological
function and integrity of cells, tissues and organs that continually increases the risk of death
(Lopez-Otin et al., 2013; Hayflick, 1985). These days, understanding ageing and its mechan-
isms is of increased importance. There has never been before a society with such a high life
expectancy as today and the human average age is constantly increasing. At the same time,
age-related human pathologies such as cardiovascular diseases and cancer are main causes of
death in the modern western civilisation (data from Germany, Plötzsch and Rößger (2015);
Bundesamt (2017)). The discovery that the rate of ageing is partially controlled by genetic
and biochemical processes further increased the significance of ageing research in all sciences
(Lopez-Otin et al., 2013). The deep biological processes which lead to ageing and its phen-
otypes, as well as how ageing can be modulated on a cellular and organismal level are still
not fully understood and hence main scientific questions. In this context, the main objective
of my PhD project is the identification of novel conserved biological mechanisms of ageing in
the model organism Caenorhabditis elegans (C. elegans).
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1.1 Ageing: A biological point of view

1.1.1 Theories of ageing

The human desire for a long and healthy life prompts a so far unresolved question: Why
do we age after all? Understanding the processes of ageing from an evolutionary point of
view can help to better integrate the ageing and longevity regimes described throughout this
work into a more global picture. It might further help to understand old and new biological
ageing mechanisms and to place them within the complex network of ageing phenotypes and
interventions. Amongst many, three classical evolutionary theories of ageing exist that are
widely considered: The theories of mutation accumulation, disposable soma and antagonistic
pleiotropy. They are all based on the hypothesis that ageing is a feature of organisms with a
germ line that is separable from the soma (Reichard, 2017).

The ’mutation accumulation theory’ poses that during ageing, harmful mutations with
individual effects, for example on health, occur. They accumulate in the genome when they
are expressed late in life, because they are not selected against. In other words, during
ageing the organismal performance might be impaired due to the accumulation of senescent
changes and natural selection fails to scavenge these mutations from a population (Reichard,
2017). However, while some studies with conflicting results exist, this theory is hard to be
experimentally tested and concrete evidence for the ’mutation accumulation theory’ is weak
(Partridge, 2001). While this holds true to date, mutation accumulation studies analysed
the effects of spontaneous mutation accumulation over many generations, for example in
C. elegans (Estes et al., 2005). The results indicate that the accumulated mutations have
an extremely wide window of effects across all life stages, positively as well as negatively
(Maklakov et al., 2015). Subsequently, a ’modified mutation accumulation theory’ proposes
the existence of mutations with negative effects that have an impact throughout life with an
increased emphasis towards the late life. The steeper the increase of the negative effect is
during age, the less likely the variation is selected against and the more likely it affects the
ageing process (Maklakov et al., 2015). Still, the ’modified mutation accumulation theory’
remains to be elaborated in ageing model organisms as well (Maklakov et al., 2015; Reichard,
2017).

The ’ageing theory of the disposable soma’ directly looks at the distinction between germ
line and somatic tissues, depicting the germ line as immortal lineage, passing on genes from
generation to generation (Reichard, 2017; Kirkwood, 2017). Therefore, the ’disposable soma
theory’ speculates that deleterious changes in the germ line should be prevented under all
circumstances by the organism. Somatic cells also can accumulate maladaptive mutations
throughout life leading to cellular dysfunctions. While the repair of such maladaptation
might be possible in somatic tissues, the energetic cost for such a repair might be too high to
implement it. The key hypothesis behind the ’disposable soma theory’ is a direct trade-off
between reproduction and survival with a strong focus on the protection and maintenance of
the germ line only. Experimental support for this theory is abundant in studies using different
lower model organisms (Kirkwood, 2017; Arantes-Oliveira et al., 2002; Sgro and Partridge,
1999).

The third classical evolutionary ageing theory is the antagonistic pleiotropy one. In part
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overlapping with the earlier theories, here it is assumed that ageing occurs due to a decline
in the strength of natural selection late in life. In the ’antagonistic pleiotropy theory’, the
focus lies on pathways involved in reproduction and fitness that are closely linked to a loss
of homeostasis and loss of cellular maintenance when de-regulated. Through low natural se-
lection, in a trade-off, the negative consequences of these pathways are tolerated later in life
(Mitteldorf, 2019). While the findings supporting the ’disposable soma theory’ in part also
support the antagonistic pleiotropy one (Sgro and Partridge, 1999), the complexity of ant-
agonistic pleiotropic effects makes it experimentally complicated to consequently prove this
theory (Leroi et al., 2005). However, it was shown on multiple occasions that processes that
favour growth and reproduction early in life can contribute to defects post-reproductively
during ageing. It was further shown that the modulation of such processes can promote
longevity. In turn, this means that pleiotropic ageing- and longevity interventions that in-
crease lifespan might have deleterious effects early in life (Leroi et al., 2005). Studying such
effects in detail and potentially fine-tuning ageing and longevity pathways towards a sweet
spot of activity therefore marks an intriguing possibility to postpone ageing. The molecular
and genetic processes behind organismal and cellular ageing will be introduced in detail in
the following chapters.

1.1.2 Biological hallmarks of ageing

What is ageing, from a biologists point of view, in terms of cellular and molecular processes?
In agreement with the basic biological definition that ageing is the accumulation of cellular
damage over time, the main phenotypes of ageing have been intensely studied. Nine molecular
and cellular hallmarks of ageing have been suggested. While these hallmarks were tailored
to mammalian ageing, many of them are very conserved through evolution. For a phenotype
to become a hallmark of ageing, it was postulated that the respective trait should occur
during the normal ageing process and an experimental exacerbation should further enhance
the ageing process while an amelioration of the phenotype should slow ageing down. The final
hallmarks include genomic instability, telomere attrition, epigenetic alterations, loss of protein
homeostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence,
stem cell exhaustion and altered intercellular communication (Lopez-Otin et al., 2013).

Primary hallmarks of ageing are considered to directly act negative on cellular health and
integrity. Examples are genomic and epigenetic damage and a reduction in protein homeo-
stasis. Antagonistic hallmarks comprise the responses to the age-related cellular damage and
can have positive cellular effects until an excessive activation of these responses becomes
pathological. In other words, these hallmarks can be seen as protective until their over-
activation reverts their purpose and exaggerated responses generate more damage compared
to their absence. The deregulation of many nutrient sensing pathways belongs to the class of
antagonistic ageing hallmarks. Integrative hallmarks of ageing such as stem cell exhaustion
and mis-regulated intercellular communication finally cause a functional decline in tissue-
and organismal homeostasis (Lopez-Otin et al., 2013). In sum, these hallmarks explain the
cellular basis for the organismal reduction in fitness and increased risk of disease during older
ages. Understanding these and other, yet unknown, age-associated molecular and cellular
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processes causing age-related phenotypes is crucial. This can accelerate the development
of preventive or acute actions and treatments against age-associated functional decline or
pathologies. Ultimately, successfully preventing detrimental age-associated phenotypes and
finding effective treatments for age-dependent diseases is one of the main goals of geronto-
logic research. This will lead to multiple benefits not only on the personal but also on the
demographic level in an ageing society (Pakulski, 2016).

1.1.3 Shifting the balance from growth and reproduction to stress-resistance slows the
ageing process

For a long time, the cellular ageing process was seen as passive and spontaneous. Entropic
exogenous and endogenous factors, for example UV radiation and the production of reactive
oxygen species leading to increased DNA lesions, were assumed as sole causative triggers for
cellular ageing. Instead, although it is an extremely multifaceted process, the rate of ageing
was more and more shown to be regulated by classical signalling pathways in the past decades
(Kenyon, 2010). Many of these pathways and their regulating roles in ageing were discovered
in small and short-lived model organisms such as yeast, worms, and flies (Kenyon, 2010). One
could wonder about the conservation of such ageing-regulating pathways in higher organisms,
since ageing rates vary in a very large range between them: While worms live for three weeks
on average, mice live for around three years and humans have an average lifespan of 80 years
(Pitt and Kaeberlein, 2015). Strikingly, most pathways and interventions of ageing were
shown to be deeply conserved throughout many species, making the mentioned model organ-
isms excellent for studying the ageing process (Pitt and Kaeberlein, 2015). Diverse studies
prove the existence of environmental and genetic ageing modifiers causing longevity when
tuned in the right way from yeast to mammals. Interestingly, most of the known conserved
pathways found to regulate the ageing process affect stress-responses or nutrient sensing.
These pathways seem to balance organismal growth and reproduction with environmental
and physiological stresses (Pitt and Kaeberlein, 2015). While growth and reproduction are
promoted under un-stressed conditions, during cellular stress a physiological shift bolsters mo-
lecular processes for cellular protection and homeostasis (Kenyon, 2010). For example heat
stress can induce longevity by activating stress resistance pathways (Shama et al., 1998). Dif-
ferent master-regulators of stress response pathways and protein folding homeostasis, such as
heat shock factors and other molecular chaperones, were shown to regulate longevity (Morley
and Morimoto, 2004). Protein quality control pathways and their enhancement have been
linked to an extension in lifespan (Taylor and Dillin, 2013; Denzel et al., 2014). The roles
of overall protein homeostasis in ageing and longevity will be described in more detail in a
following chapter (see 1.2.4).

Nutrient sensing and longevity One of the most studied environmental ageing interventions
is dietary restriction (DR) in form of a reduction in calorie or food consumption. Controlled
DR was shown to extend the lifespan of a variety of model organisms (Partridge et al.,
2005; Masoro, 2005). Interestingly, this extension of lifespan was shown to function in an
acute way by reducing the short-term death risk shortly after starting the DR intervention
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(Mair et al., 2003). Along with extended lifespan, also the onset of age-related diseases was
slowed down under DR conditions. For example, intermittent fasting in rats was shown to
protect the heart from ischaemic injury, likely through anti-apoptotic and anti-inflammatory
mechanisms (Ahmet et al., 2005; Mattson and Wan, 2005). During ageing in rhesus monkeys,
intermittent fasting was shown to prevent diabetes and further increased general organismal
health (Bodkin et al., 2003). While ethical and logistical limitations complicate the research
of DR in humans, a variety of studies found favourable alterations in biomarkers upon DR,
often related to the function of cardiovascular and glucoregulatory systems (Trepanowski
et al., 2011). In accordance with the correlation of DR-mediated longevity and effects in the
glucoregulatory system, the longevity in response to DR was shown to be molecularly linked
to the insulin/IGF-like signalling (IIS) pathway (Fig. 1; Honjoh et al. (2009)).

Dietary restriction

Longevity

Figure 1: Scheme of the IIS
and TOR signalling pathways
during DR in C. elegans. De-
picted are central key factors that
are conserved through many organ-
isms and were shown to modulate
lifespan upon DR. Figure modified
from Santos et al. (2016).

The IIS pathway was one of the first molecular pathways
linked to ageing regulation. Within the IIS network, for the
first time, single mutations in key genes were found to induce
longevity (Kenyon et al., 1993). This marked the first evidence
for a direct genetic regulation of ageing. The very conserved IIS
pathway senses and connects nutrient levels to the metabolic
activity in growth, development and ageing. By ligand-binding
of insulin-like peptides to the insulin/IGF-1 receptor (IGF1R),
this receptor regulates a diverse downstream cascade. The act-
ive IIS promotes growth and development. Concerning ageing
and longevity, one of the major outputs of the IIS is the regula-
tion of the transcription factor FOXO. FOXO activation during
an inactive IIS triggers a broad transcriptional response in tar-
get gene expression to mediate general stress resistance (Wang
et al., 2008; Curran et al., 2009). The first mutations that were
found to cause longevity were identified in the C. elegans IIS
genes age-1 (PI-3 kinase in mammals) and daf-2/IGF1R, which
nearly doubled the worm’s lifespans (Friedman and Johnson,
1988a; Kenyon et al., 1993). Further, the lifespan extension
seen under reduced IIS conditions was shown to be depend-
ent on DAF-16/FOXO (Kenyon et al., 1993; Ogg et al., 1997).
In accordance with an evolutionary conserved genetic and bio-

chemical regulation of ageing, the observation that mutations in the IIS pathway can prolong
lifespan and increase stress resistance holds true for a variety of IIS-related genes in worms,
flies and higher organisms such as mice (Kenyon, 2005; Tatar et al., 2003; Mathew et al.,
2017). Next to a proposed role of DR-mediated longevity in humans (Trepanowski et al.,
2011), mutations have been identified in IIS components including FOXO in centenarians,
and were correlated to low IGF-1 plasma levels (van Heemst et al., 2005; Kenyon, 2010).
In sum, the above-described findings in the IIS pathway not only related classical signalling
pathways with the regulation of ageing and longevity. They also showed that genetic vari-
ations can cause longevity in a variety of model organisms and potentially humans.
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Next to the IIS pathway, the target of rapamycin (TOR) signalling is another pathway
regulating ageing and longevity based on nutrient sensing (Fig. 1). In conditions of nutrient
supply, the essential Ser/Thr protein kinase TOR senses amino acids. In mammals, TOR
consists of two complexes that differ in their functions, the mammalian target of rapamycin
complex mTORC1 and mTORC2. Upstream effects such as IIS activity modulate mTORC1
through a complex signalling cascade, for example mediated by the insulin-stimulated protein
kinase B (PKB, also known as Akt; Yoon (2017); Vander Haar et al. (2007)). As downstream
effects, active TOR signalling promotes growth while inhibiting degrading systems such as
autophagy (Bjedov et al., 2010). Similarly to FOXO activation during inactive IIS, the
inhibition of TOR signalling promotes resistance to stress and cellular maintenance via a
reprogramming of a transcriptional response through factors such as Nrf, HIF1α and FOXA
(Robida-Stubbs et al., 2012; Dekanty et al., 2005; Sheaffer et al., 2008). The genetic and
pharmacologic inhibition of TOR signalling causes lifespan-extension in many model organ-
isms (Santos et al., 2016). Next to a regulation of autophagy (Bjedov et al., 2010), TOR
signalling is considered as a master regulator of translation. The active TOR signalling dur-
ing nutrient-rich conditions promotes translation through inactivation of specific translation
inhibiting proteins (eIF4E-binding proteins, 4E-BPs) and activation of the ribosomal subunit
S6 kinase (S6K). During low nutrient availability, TOR signalling is inactive and therefore
fails to promote translation (Proud, 2007; Hay and Sonenberg, 2004; Kapahi et al., 2010).
The down-regulation of protein synthesis has not only been described as feature of longevity
during DR and low TOR activity. Lowering translation levels interestingly also mediates a
lifespan extension by itself. Therefore, the inhibition of translation per se depicts a longevity
regime that shifts the cellular state from growth to stress resistance and cellular maintenance
(Hansen et al., 2007; Syntichaki et al., 2007; Tohyama et al., 2008; Pan et al., 2007).

Further nutrient and energy sensing pathways were connected to longevity and DR-mediated
cellular changes. Examples are the processes mediated by the AMP kinase and sirtuins. The
AMP kinase senses cellular energy levels via AMP/ATP ratio and mediates anabolic processes
upon ATP depletion. Genetic and pharmacological AMP kinase activation were shown to
extend lifespan (Apfeld et al., 2004; Anisimov et al., 2008; Zhou et al., 2001). Sirtuins belong
to the class of NAD+-dependent acetylases with a wide range of targets (Houtkooper et al.,
2010a). Sirtuins were shown to mediate longevity under DR conditions (Lin et al., 2000;
Moroz et al., 2014) and to improve healthspan upon their over-expression (Tissenbaum and
Guarente, 2001; Herranz et al., 2010). While the function of sirtuins in longevity is still
under debate, a close interaction between sirtuins and AMP kinase was shown to improve
mitochondrial function (Price et al., 2012). Furthermore, the AMP kinase signalling was con-
nected to FOXO activation and S6K-mediated longevity (Canto et al., 2009; Selman et al.,
2009). These interactions show that while different longevity regimes have specific nodes of
action, many ageing regulatory pathways are inter-connected. Such connections comprise
partly overlapping metabolic signalling networks, for example through shared downstream
mediators (Houtkooper et al., 2010b; Denzel et al., 2019). This was shown to hold true for
human ageing genes as assessed by a systems-level analysis. It revealed that many ageing
genes and pathways are organised in overlapping hubs and within them are more functionally
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connected (Zhang et al., 2016; Lee et al., 2003).
Further processes, although less tightly connected to nutrient sensing, have been described

to play a role in the ageing process and during longevity. Often, they also converge with some
of the above-named longevity regimes. For example, the direct inhibition of mitochondrial
respiration extends lifespan (Copeland et al., 2009), in part by activating AMP kinase and the
transcription factor HIF1α (Hwang et al., 2012). Furthermore, signals from the reproductive
system in C. elegans were reported to extend lifespan via activation of DAF-16/FOXO (Hsin
and Kenyon, 1999). In sum, the here described observations prove a role of classical signalling
pathways in the regulation of ageing. It was shown that the down-regulation of pathways that
promote growth and development often extends lifespan. These pathways can be modulated
by different interventions including DNA mutations and thus induce longevity.

In comparison to lower organisms, studying ageing and longevity in humans is challenging
because of the higher complexity of signalling pathways. Confounding environmental factors
including lifestyle behaviour affect individual ageing processes greatly. Furthermore, many
experimental perturbations are not feasible in human research (Houtkooper et al., 2010b).
Overcoming some of these problems, human genetic lifespan regulation was analysed in several
genome-wide association studies (GWAS), identifying genetic ageing regulators in humans
(Deelen et al., 2019). Variants in two genes have been strongly associated with human
longevity: Apolipoprotein E (ApoE) and FOXO3A (Schachter et al., 1994; Deelen et al.,
2019). ApoE is a cholesterol carrier involved in lipid transport mechanisms and a polymorphic
gene in humans. ApoE function is connected to ageing-associated diseases such as Alzheimer’s
and cardiovascular disease. Different ApoE alleles were associated with reduced and increased
likelihood of longevity (Shadyab and LaCroix, 2015; Deelen et al., 2019). Being involved in
the IIS pathway, the identification of FOXO3A and its implication in human longevity further
shows the evolutionary conservation of longevity mechanisms (Shadyab and LaCroix, 2015;
Deelen et al., 2019). Finally, different studies estimate a genetic proportion of ageing control
in humans that ranges between 10 % and 25 % (Herskind et al., 1996; Ruby et al., 2018;
van den Berg et al., 2017).

Together, conserved pathways regulate cellular processes contributing to ageing and longev-
ity. Among others, the most conserved longevity regimes include reduced IIS and TOR sig-
nalling, enhanced protein homeostasis and reduced mRNA translation. It was shown, not
only in model organisms but also in humans, that ageing is genetically controlled, at least in
part. However, the ageing process is still an area of many open questions and under active
investigation. Many ageing regulating pathways were identified in the context of stress and
nutrient sensing pathways and a strong correlation between stress resistance and longevity
was shown. Therefore, most of the known longevity interventions modulate pathways in the
class of antagonistic ageing hallmarks and can be connected to the ’antagonistic pleiotropy
theory’ of ageing. Next to the well-established longevity mechanisms, it will be of interest
to identify a role of further pathways in longevity processes within antagonistic or other
hallmark processes during ageing. Identifying and integrating crucial nodes of ageing to the
landscape of known longevity mediators is therefore the superordinate goal of this work.
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1.2 From mRNA to protein: A tightly regulated process

1.2.1 The molecular processes of mRNA translation and protein synthesis

Genes encoded within the DNA are transcribed to messenger RNA (mRNA), which is pro-
cessed and finally translated to a protein. Francis Crick described this mechanism in 1958
as the "central dogma of molecular biology" (Crick, 1970). Gene expression and protein syn-
thesis are regulated on many levels. During transcription, RNA polymerases read the DNA
sequence and upon transcription start site selection transcribe it into mRNAs or other non-
coding RNAs. The generated mRNA acts as template during protein synthesis via translation.
Here, the ribosome decodes the mRNA using transfer RNAs (tRNAs) by matching amino
acids to three mRNA nucleotides at a time according to the genetic code (Urry et al., 2016).
mRNA translation is divided into three sub-processes: Initiation, elongation and termination.
During the initiation process, the ribosome, as cellular hub of protein synthesis, assembles
around the mRNA and starts translation at the translation start site. During elongation, the
amino acid chain of the synthesised protein gets elongated through peptide bond formation,
building the heart of the protein synthesis process. The termination describes the release of
the synthesised polypeptide and the disassembly of the ribosomal complex from the mRNA
(Sonenberg and Hinnebusch, 2009; Fabian et al., 2010).

The cellular nanomachine executing the protein synthesis process is the ribosome, which
is a ribonucleoprotein complex. In eukaryotes, fully assembled and functional 80S ribosomes
consist of two subunits: the small ribosomal 40S subunit is comprised of 33 ribosomal proteins
and the 18S ribosomal RNA (rRNA); the large ribosomal 60S subunit contains 46 ribosomal
proteins and three different rRNA species, the 25S, the 5.8S and the 5S rRNAs (Ben-Shem
et al., 2011). The initiation of translation is the rate-limiting step under most circumstances.
In eukaryotes, to initiate translation the ternary complex (TC) is formed consisting of the
eukaryotic initiation factor 2 (eIF2, consisting of an α, β and γ subunit), GTP and a loaded
methionyl tRNA that is specialised for initiation (Met-tRNAi, Fig. 2). Subsequently, the 43S
pre-initiation complex (PIC) is formed by the TC and the small ribosomal (40S) subunit,
stimulated by other initiation factors such as eIF1, eIF1a, eIF3 and eIF5 (Hinnebusch et al.,
2016). This PIC binds to the mRNA at the m7G-capped 5’-untranslated region (5’-UTR).
This process is facilitated by the eIF4F complex, which comprises the RNA helicase eIF4A,
cap-binding proteins eIF4E and eIF4G and the poly(A)-binding protein PABP (Hinnebusch
et al., 2016). Downstream of the capped 5’end of the mRNA, the PIC scans nucleotide
triplets in the P(eptidyl)-site of the 40S ribosome, while the Met-tRNAi is fixed in the PIC by
eIF2-GTP. Finally, the PIC identifies and decodes the initiating start codon, which usually
is an AUG and rarely can differ as near-cognate alternative start codon (Sonenberg and
Hinnebusch, 2009). The GTPase-activating protein eIF5 then releases eIF2-GDP and other
factors from the mRNA-40S-complex by hydrolysis of GTP. In the final step of the initiation
process, the large ribosomal (60S) subunit completes the full translation-mediating ribosomal
(80S) complex, catalysed by eIF5B. The initiation process is completed when the Met-tRNAi
is positioned at the P-site of the ribosome and the first binding site in the ribosome, the
A(minoacyl)-site, is ready for the next charged aminoacyl-tRNA (Hinnebusch et al., 2016;
Urry et al., 2016). For each round of translation initiation, the TC needs to reform with an
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exchange of GDP to GTP at the regulating factor eIF2. This reaction is catalysed by the
heterodecameric guanine nucleotide exchange factor (GEF) eIF2B, therefore depicting a key
regulating factor of translation initiation (Pavitt et al., 1998).

eIF2B

Figure 2: The mechanism of translation
initiation. The simple 5-subunit version of
eIF3 in yeast is depicted. Figure modified from
Hinnebusch et al. (2016).

At the start of the translation elongation process,
the second codon of the mRNA open reading frame
(ORF) is positioned in the ribosomal A-site. A cog-
nate aminoacyl-tRNA is delivering the next amino
acid, a process mediated by the translation elonga-
tion factor eEF1A. After the release of the elonga-
tion factor, a peptide bond is formed between the
two consecutive amino acids from the aminoacyl- and
peptidyl-tRNAs, catalysed by the peptidyl transferase
centre of the 80S ribosome. This process is promoted
by the factor eEF5A, located in the ribosomal E(xit)-
site. Here, it promotes the peptide bond formation
through substrate positioning. The nascent peptide
chain is transferred from the P-site to the aminoacyl-
tRNA at the A-site which results in an elongated poly-
peptide. During this process, the tRNAs are trans-
located from the A- to the P-site and from the P-
to the E-site, mediated by eEF2. As a result, the
deacetylated tRNA sits at the E-site and the elong-
ated peptidyl-tRNA at the P-site. Upon release of
the deacetylated tRNA from the E-site, the elonga-
tion process can be repeated with the next aminoacyl-
tRNA waiting in the A-site (Dever et al., 2018). Once
a stop codon is read in the A-site, the translational
process is terminated. This is mainly mediated by two
eukaryotic protein release factors (eRFs). Upon stop
codon recognition, eRF1 promotes the hydrolysis of
the polypeptide chain from the peptidyl-tRNA, while
eRF3 is involved by its GTPase activity on eRF1.
Lastly, after completing the polypeptide chain, the
80S ribosome and the deacetylated tRNA are released
from the mRNA and recycled for subsequent transla-
tion processes (Dever and Green, 2012; Hellen, 2018).
When the translation from the mRNA sequence to a
linear amino acid chain is finished, the protein has to
fold into a three-dimensional structure to gain its full
biological function. This process is determined by the
amino acid sequence and starts already during elong-

ation of the nascent amino acid chain. It further depends on the cellular milieu and molecular
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chaperones, proteins which assist the correct folding of other proteins (Dobson, 2003). Next
to the correct folding state, other post-translational modifications affect protein function
and comprise phosphorylation, acetylation and glycosylation of selected amino acid positions
within a protein, mediating both activating and inhibiting effects on protein function (Khoury
et al., 2011).

1.2.2 The regulation of mRNA translation and protein synthesis

The regulation of mRNA translation and therefore protein synthesis is a crucial mechanism
to maintain or modulate the cellular metabolism in adaptation to different circumstances.
While growth requires high protein synthesis rates, exaggerated levels of protein produc-
tion cause tissue hypertrophy or tumour growth, for example (Hannan et al., 2003; Inoki
et al., 2005). Furthermore, gene expression is not only regulated transcriptionally. It was
shown that cellular protein levels are controlled translationally to a vast extent (de Godoy
et al., 2008; Schwanhausser et al., 2011). Lastly, protein synthesis is one of the most energy
consuming processes within the cell, which is another reason why translation needs to be
tightly regulated (Proud, 2007). mRNA translation can be regulated globally and specific-
ally. General translation factors can regulate global protein synthesis, leading to changes in
cell proliferation. Moreover, the translation, transport or stability of specific mRNAs can be
regulated, for example through selected translation factors or RNA-binding proteins. This
transcript-specific regulation can rapidly activate the production of specific proteins, which
are needed to adapt the cell to quickly changing conditions (Proud, 2007). Within these
two categories, there are several mechanisms of translational regulation. Some of the most
common ones will be briefly introduced here.

Several mRNA structures can serve as regions for translational regulation of specific mRNAs.
Most of these translational control elements reside within the 5’- and 3’-UTRs (Wilkie et al.,
2003). 3’-UTRs are known to harbour binding sites for micro RNAs (miRNAs). These small
non-coding RNAs can constitute a miRNA-induced silencing complex (miRISC), which si-
lences mRNAs in a targeted way by both translational repression and mRNA destabilisa-
tion (Jonas and Izaurralde, 2015). Within the 5’-UTR, one basic regulatory element is the
m7G cap that is needed to be recognised by translation initiation factor eIF4F to initiate
cap-dependent translation. Internal ribosomal entry sites (IRES) can initiate translation
independently of the m7G cap scanning, a mechanism that plays a crucial role in gene regu-
lation of viral and mammalian genes (Wilkie et al., 2003; Weingarten-Gabbay et al., 2016).
Moreover, the formation of secondary structures or the binding of regulatory proteins at spe-
cific 5’-UTR structures often repress translation of the respective mRNA. Further repressing
elements are upstream ORFs (uORFs) and upstream AUG start codons (uAUGs), usually
down-regulating translation of the main ORF by an alternative translation start site selection
(Wilkie et al., 2003). When the uAUG is in-frame with the actual start codon and there is
no stop codon between both, two isoforms of one protein can be produced, one carrying an
N-terminal extension. In this case, the different isoforms are often targeted to specific cellu-
lar locations. However, if the uAUG is followed by an in-frame stop codon, the translation
initiation at this uORF can diminish translation of the following main ORF due to an ineffi-
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Figure 3: Mechanisms of translational control through uORFs. a After scanning an uORF, the ribosome
dissociates from the mRNA. The poor re-initiation inhibits the translation of the main ORF (mORF). b Ribosome
stalling at the uORF inhibits translation initiation at the mORF. Figure adapted from Hinnebusch et al. (2016).

cient re-initiation of the translational machinery (Fig. 3a). Furthermore, uORFs can inhibit
translation of a downstream ORF by ribosomal stalling and thereby preventing the PIC to
scan the actual ORF start codon (Fig. 3b; Hinnebusch et al. (2016)). Interestingly, uORF
sequences were detected in a majority of mRNAs (Lee et al., 2012; Johnstone et al., 2016).
However, only a small fraction of them produces peptides that can be detected (Vanderperre
et al., 2013; Hinnebusch et al., 2016). While uORF sequences were found in many mRNAs,
direct evidence for uORF-mediated translation regulation only exists for a small number of
genes. For example, uORF translation followed by ribosomal stalling was observed in the
mRNA of the gene AMD1 encoding the S-adenosylmethionine decarboxylase. A shift from
uORF to main ORF translation was shown to be modulated by pathway-related ligands such
as spermidine (Raney et al., 2002). One well known uORF regulated mRNA is the transcript
of the mammalian gene activating transcription factor 4 (ATF4 ), which will be introduced
in detail in a following section (see chapter 1.2.3).

In contrast to the translational modification of specific mRNAs, general protein synthesis
regulation is often mediated by upstream signalling pathways to the translational machinery.
Such pathways have been described before in the context of ageing regulating pathways
and comprise the IIS and TOR pathways (see chapter 1.1.3). Both can regulate overall
translation by modulating the activity of translation initiation factors and the TOR com-
plex is considered as master regulator of translation (Proud, 2007). Upon TOR activation,
mTORC1 phosphorylates S6K, which further phosphorylates the protein S6 of the small ri-
bosomal subunit, promoting the global biogenesis of ribosomes (Proud, 2007; Shimobayashi
and Hall, 2014). Furthermore, mTORC1 phosphorylates the translation-inhibitory 4E-BPs.
They subsequently dissociate from the translation initiation factor eIF4E. This de-repression
promotes eIF4E- and eIF4G-mediated cap-dependent translation initiation, as described in
section 1.2.1 (Proud, 2007; Shimobayashi and Hall, 2014). In sum, overall translation rates
can be modulated by upstream signalling pathways through the regulation of ribosomal pro-
tein biogenesis via S6K or translation initiation via eIF4E. Another mechanism that controls
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bulk protein synthesis through the modulation of translation initiation is the regulation of
eIF2 via phosphorylation. This is the first step in a signalling cascade termed the integrated
stress response (ISR). Since the ISR and its regulation play a crucial role within this thesis,
it will be described in the following, separate chapter.

1.2.3 The integrated stress response

The ISR is a deeply conserved master regulating pathway of global mRNA translation. At
the same time, the ISR regulates translation of selected mRNAs through specific uORF-
mediated mechanisms. The overall biological function of the ISR is the restoration of cellular
homeostasis during diverse stress conditions. The core event of the ISR is the phosphoryla-
tion of eIF2. Phospho-eIF2 becomes an inhibitor of eIF2B, its very own GEF. Thereby,
TC-formation is attenuated upon the activation of the ISR, causing a reduction of cap-
dependent mRNA translation. At the same time, the decrease of TC formation paradoxic-
ally de-represses the translation of a defined class of mRNAs that carry specific uORFs, such
as ATF4 (Fig. 4). These translationally up-regulated factors upon high ISR levels further
activate mechanisms to cope with the cellular stress (Costa-Mattioli and Walter, 2020).

In mammals, the ISR can be activated upon stress by four different eIF2 kinases: heme reg-
ulated inhibitor (HRI), protein kinase R (PKR), general control non-derepressible 2 (GCN2)
and PKR-like endoplasmic reticulum kinase (PERK). Canonically, they are activated by iron
deficiency, viral infection, amino acid deprivation and accumulation of mis-folded proteins
in the endoplasmic reticulum (ER), respectively (Pakos-Zebrucka et al., 2016). By PERK
sensing un- or mis-folded proteins in the ER, the ISR becomes part of the conserved unfolded
protein response of the ER (UPRER). This general reaction of cells to ER stress regulates
a broad transcriptional reprogramming to overcome the protein folding stress. Next to the
PERK arm activating the ISR, the UPRER comprises signalling through IRE1-mediated
cleavage and ATF6 translocation (Hetz et al., 2020).

Coming back to the ISR, all eIF2 kinases have a high sequence identity in their catalytic
kinase domains and each of them has to dimerise and auto-phosphorylate to be fully active.
They differ in their regulatory domains, reflecting their unique responsiveness to different
stress sources (Pakos-Zebrucka et al., 2016). Still, the eIF2 kinases were described to also
have overlapping functions, an example is the activation of all four kinases by oxidative stress
(Pakos-Zebrucka et al., 2016). Furthermore, the kinases were shown to compensate for each
other. Phosphorylation of eIF2 upon ER stress in Perk-/- MEFs is, at least partially, mediated
by GCN2 in a compensatory way (Hamanaka et al., 2005). Moreover, PERK was suggested to
vice versa compensate a loss of GCN2 (Lehman et al., 2015). Upon ER stress, the knockdown
of one of the two kinases PERK or GCN2 resulted in a compensatory up-regulation of the
respective other kinase (Roobol et al., 2015). Hence, the knowledge on the ISR and its
activating kinases is being constantly expanded. Recently, it has been described that HRI
can be triggered by mitochondrial stress through an OMA1/DELE1 axis in mammalian cells
(Fessler et al., 2020; Guo et al., 2020).

Upon their respective stress-mediated activation, the ISR kinases converge on the phos-
phorylation of serine 51 of the α subunit of eIF2. This modification rearranges eIF2 struc-
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Figure 4: Schematic depiction of the ISR. The activation, the complex molecular wiring and the cellular outcomes
of the ISR are described in detail in the main text. Figure adapted from Costa-Mattioli and Walter (2020).
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turally and turns it from a substrate into an inhibitor of eIF2B (Fig. 4; Costa-Mattioli and
Walter (2020)). eIF2B is a symmetric heterodecamer comprised of two copies each of the sub-
units α, β, γ, δ and ε. Before building the fully active complex, stable subunits are formed as
two heterotetramers formed by eIF2Bβ, γ, δ and ε and one homodimer formed by two eIF2Bα

subunits. The catalytic centre is comprised by eIF2Bε which interacts closely with eIF2Bγ.
The core of the enzymatic complex is formed by eIF2Bβ and eIF2Bδ with the eIF2Bα homod-
imer bridging the core of the complex. In the heterodecamer, the catalytic eIF2Bε subunits
are located at the opposing sites of the complex. To mediate the guanine nucleotide exchange
at the substrate eIF2, eIF2γ localises between two eIF2Bε domains, where the dissociation
of GDP and the loading of GTP takes place at eIF2 (Fig. 5). To be stably associated with
eIF2B, eIF2α binds across the symmetrical interface of eIF2B, explaining why only the fully
assembled eIF2B heterodecamer has the full GEF activity (Kenner et al., 2019; Kashiwagi
et al., 2019; Adomavicius et al., 2019; Costa-Mattioli and Walter, 2020). During the active
ISR, the phosphorylation of eIF2α causes a structural rearrangement of eIF2 including a
new hydrophobic site with a strong affinity for eIF2B. Upon binding of this re-structured
phospho-eIF2 to eIF2B, eIF2γ cannot appropriately locate to the catalytic eIF2Bε subunit.
As a result, phospho-eIF2 inhibits the GEF activity of eIF2B and at the same time binds
eIF2B with a higher affinity in an inhibitory way (Fig. 5, Costa-Mattioli and Walter (2020);
Pakos-Zebrucka et al. (2016)). In sum, the eIF2 kinases, eIF2 itself and eIF2B are central
nodes of the ISR.

Global and specific translation regulation upon ISR activation The inhibition of an eIF2B-
mediated exchange of GDP to GTP at phospho-eIF2 during the active ISR blocks the form-
ation of the TC and the 43S PIC and therefore prevents global translation initiation. The
outcome is a down-regulation of cap-dependent mRNA translation. At the same time, the
translation of a subset of mRNAs is up-regulated during the active ISR even though TC
levels are diminished. These specific mRNAs contain small uORFs that prevent translation
initiation at the canonical AUG upon high TC levels. Paradoxically, while TC amounts
are low, the PIC has a higher chance to read the main start codon. Therefore, translation
rates of these selected mRNAs are high during conditions of low overall translation initiation
rates (Hinnebusch et al., 2016; Sonenberg and Hinnebusch, 2009). The transcription factor
ATF4 (Gcn4 in yeast) is a well-known example of such a selectively translated factor upon
ISR activity. ATF4/Gcn4 was first identified within the stress response pathway in yeast
and subsequently was shown to be conserved in higher organisms (Hinnebusch, 2005). The
uORF-mediated translation regulation of ATF4 has been intensely studied (Abastado et al.,
1991; Vattem and Wek, 2004; Lu et al., 2004). In the 5’-UTR of ATF4, the specific prop-
erties of two uORFs mediate the translational repression under regular conditions and the
de-repression upon stress (Fig. 6). A first uORF in the ATF4 mRNA generally enhances
translation initiation. It is optimised to promote re-initiation downstream of uORF1: It is
proposed that the 40S ribosomal subunit keeps scanning the mRNA after uORF1 and there-
fore can quickly gather a new TC upon high TC abundance (Wek, 2018). This mediates the
re-initiation of translation at uORF2. This second uORF overlaps with the main ORF of
ATF4 in an out-of-frame manner. As a consequence, the translation of uORF2 inhibits the
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Figure 5: Cryo-EM structure and model of human eIF2-eIF2B complexes. The catalytic eIF2Bε subunit is
depicted in pink. a Unphosphorylated eIF2-eIF2B complex. b Phosphorylated eIF2-eIF2B complex. Figure adapted
from Kashiwagi et al. (2019).

translation initiation at the main ATF4 start codon and ATF4 protein levels are depleted
under conditions of high TC levels. During the active ISR, TC levels get depleted. Now,
after scanning uORF1 of the ATF4 mRNA, it takes longer for the 40S ribosomal subunit
to acquire a fully assembled TC. Therefore, the start codon of uORF2 often is bypassed by
the 40S ribosome. Instead, the chances are higher for the main start codon of ATF4 to get
recognised by the 43S PIC. As a result, ATF4 gets synthesised with a higher abundance when
global TC levels are low (Wek, 2018; Hinnebusch et al., 2016).

Next to ATF4, other uORF regulated mRNAs get translated in response to ISR activation.
The transcription factor C/EBP homology protein (CHOP) is required for stress-induced
apoptosis and its transcription and translation were reported to be up-regulated through the
ISR (Harding et al., 2000; Palam et al., 2011). The CHOP mRNA carries one uORF that was
described to stall elongating ribosomes and thereby prevent translational re-initiation at the
CHOP main ORF. Upon high phospho-eIF2 and low TC levels, the uORF is by-passed and
translation is initiated at the CHOP main ORF start codon (Palam et al., 2011). Similarly
to translational CHOP regulation, the mRNA of the growth arrest DNA-inducible gene 34
(GADD34 ) is also regulated through the bypassing of an uORF upon eIF2 phosphorylation.
GADD34 is a negative feedback inhibitor of the ISR and is regulated transcriptionally and
translationally by ISR activity (Lee et al., 2009). In sum, while global protein synthesis is
down-regulated by the active ISR, specific mRNAs are translated preferentially. The products
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Selective translation at coding DNA sequence

Figure 6: Scheme of uORF-mediated translation of ATF4. a During conditions of regular 5’cap-dependent
mRNA translation, translation initiation at uORF2 inhibits translation of the main ATF4 ORF. b When TC levels are
depleted, the start codon of uORF2 is often bypassed. Instead, translation re-initiation at the main ATF4 ORF occurs
with a higher prevalence, leading to an increase of main ATF4 ORF translation. Figure modified from Pakos-Zebrucka
et al. (2016).

are involved in cellular mechanisms adapting the organism to the stress sensed by the ISR
kinases.

Downstream consequences of ISR activation As described, the ISR is a master regulator
of translational and transcriptional reprogramming, leading to several downstream effects.
The ISR-induced transcription factors can either activate stress-related, protective mechan-
isms to prevent and resolve cellular damage; otherwise, apoptosis is induced when cellular
homeostasis cannot be maintained (Pakos-Zebrucka et al., 2016). One global ISR outcome
to promote maintenance during stress conditions is the reduction of overall translation rates
by eIF2 phosphorylation. This is of specific importance when ISR signalling is induced via
protein folding stress sensed by PERK to reduce the burden of mis-folded proteins (Ron,
2002). Nutrient stress is detected by GCN2. The following reduced translation levels are
accompanied with a lowered consumption of amino acids which are in short supply under
starvation conditions (Vazquez de Aldana et al., 1994). In mammals, HRI is activated by
low heme levels. Heme is bound by globins and globins devoid of heme form detrimental
aggregates. The attenuation of mRNA translation through HRI balances the synthesis of
globins with the availability of heme (Han et al., 2001). During viral infection sensed by
PKR, the down-regulated protein synthesis prevents the translation of viral mRNA (Garcia
et al., 2007).

The active ISR further mediates its downstream effects through the activation of transcrip-
tion factors. As mentioned above, the best studied one is ATF4, translational de-repression
of which causes a complex fine-tuning of the cellular transcription towards stress regulating
genes. ATF4 binds specific sequences of its target genes and therefore mediates their ex-
pression (Kilberg et al., 2009). One prominent ATF4 target gene is CHOP, which makes
CHOP not only a translationally, but also a transcriptionally regulated factor through the
ISR. ATF4 is further acting in combination with other proteins, often forming heterodimers
with other DNA-binding proteins. These complexes further specify the outcome of the active
ISR. While ATF4 in combination with ATF3 promotes cellular maintenance, an ATF4-CHOP
complex is driving apoptosis (Fawcett et al., 1999; Matsumoto et al., 2013). This ability of
ATF4 to drive a diverse range of transcriptional reprogrammings makes the ISR very specific
upon different stress stimuli.

To maintain physiological homeostasis, downstream reactions of the active ISR include an
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induction of autophagy, modulation of the UPR and a down-regulation of cell death pathways
such as apoptosis. Specifically, upon ER stress, the activation of PERK was shown to regulate
several stages of autophagy and both PERK and GCN2 activity were shown to cause increased
autophagic flux (Deegan et al., 2013; Ye et al., 2010). In sum, the ISR can induce autophagy
to overcome cellular stress. ISR activity was further shown to inhibit apoptosis through
the up-regulation of cellular inhibitor of apoptosis protein 1 (cIAP1) and cIAP2 (Hamanaka
et al., 2009). In the UPRER, PERK acts in parallel with IRE1 and ATF6 to cope with protein
folding stress. As for the ISR, the overall outcome of an active UPRER is a transcriptional
re-programming of chaperones and genes involved in the degradation of mis-folded proteins.
All three UPRER branches show an interplay with each other. For example, the transcription
of XBP1, a critical downstream factor of the IRE1 branch, depends on the ISR (Ron, 2002).
It is further discussed that the timely interplay of the different UPRER branches dictates the
outcome of the pathway. In this context, sustained PERK activation can promote apoptosis
whereas IRE1 activation triggers cellular maintenance (Lin et al., 2007, 2009). Therefore, the
cellular outcome of the active UPRER depends on the interplay of the ISR with the two other
UPRER branches. Not only sustained PERK activity can induce apoptosis. If the cellular
stress sensed by any ISR kinase cannot be resolved, cell death is induced through apoptosis
mainly by the ATF4-CHOP axis with CHOP acting as transcriptional inducer for a variety of
genes involved in apoptosis (Matsumoto et al., 2013; Pakos-Zebrucka et al., 2016). The ISR
was shown to further induce other forms of cell death such as necrosis (Leon-Annicchiarico
et al., 2015). Together, the ISR mediates cellular reactions to stress that have to be balanced
between cell survival and cell death, depending on the severity of the stress and disturbance
of the homeostasis. While not being specified for the ISR, this is in line with a mathematical
model of the UPRER. It proposes that states of low, intermediate and high UPRER activity
are associated with stress adaptation, tolerance and initiation of apoptosis (Erguler et al.,
2013).

While the sustained ISR activation was shown to induce cell death, ISR activity has to
be finely controlled and terminated to ensure sufficient translation of essential proteins to
promote cell survival. Furthermore, to ensure a proper outcome of the transcriptional re-
programming that is mediated by ATF4, CHOP et cetera, sufficient levels of TC need to
be restored for the translation of the respective transcriptional targets (Costa-Mattioli and
Walter, 2020; Pakos-Zebrucka et al., 2016). To reset the ISR, in the mammalian system two
phosphatase complexes are known to de-phosphorylate phospho-eIF2 and therefore restore
eIF2 for regular TC formation and translation initiation. The basis of these phosphatase
complexes is set by protein phosphatase 1 (PP1), which contains the catalytic core for the
de-phosphorylation process. To specify the complex to eIF2, two different regulatory subunits
can bind to PP1: the constitutive repressor of eIF2α phosphorylation (CReP) or the growth
arrest and DNA damage-inducible protein 34 (GADD34). CReP was shown to regulate basal
levels of eIF2 phosphorylation and CReP expression was not changed upon stress that suc-
cessfully induced the ISR (Jousse et al., 2003). To re-start translation upon conditions of high
stress and high ISR activity, eIF2 is de-phosphorylated by GADD34. GADD34 expression is
mediated in a feedback loop by the ISR to prevent its over-activation. As described above,
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GADD34 is up-regulated translationally in states of low TC availability through a specific
uORF-dependent mechanism. Additionally, ATF4 increases the transcription of GADD34
(Lee et al., 2009; Novoa et al., 2001). Together, CReP controls eIF2 phosphorylation on a
basal level, while GADD34 promotes recovery from translational inhibition during a highly
active ISR. In sum, the ISR and mRNA translation initiation are finely balanced processes
that provide robustness, cellular maintenance and eventually controlled cell death under dif-
ferent stress stimuli.

1.2.4 Protein homeostasis and longevity

As outlined in chapter 1.1.2, the loss of protein homeostasis depicts a hallmark of ageing
(Lopez-Otin et al., 2013). Protein homeostasis describes the maintenance and balancing of
protein synthesis, fidelity, folding, localisation, modification and degradation (Basisty et al.,
2018). Maintenance of protein homeostasis is a crucial feature of any cell to retain over-
all resilience. Therefore, several cellular stress response pathways directly regulate protein
homeostasis, integrating and processing internal and external stress stimuli. Failure of pro-
tein homeostasis begins early during ageing. Multiple lines of evidence show that healthy
ageing and longevity rely on the fidelity of cellular stress response pathways in general, and
on interventions that promote or maintain protein homeostasis specifically (Kourtis and Tav-
ernarakis, 2011; Basisty et al., 2018). Many of these pathways have been introduced already
in the previous chapters.

The TOR pathway mediates mRNA translation and protein degradation depending on
nutrient availability and its modulation promotes longevity (Kenyon, 2010). The down-
regulation of translation by itself was shown to mediate a lifespan extension (Hansen et al.,
2007). A variety of molecular chaperones assists in protein folding and stress induced de-
gradation of mis-folded proteins. Upon cellular stress, many pathways involved in the main-
tenance of protein homeostasis induce the synthesis and activation of chaperones (Dobson,
2003). Chaperones were shown to be required for the longevity mediated by reduced IIS
(Morley and Morimoto, 2004). The above mentioned UPRER is an organelle-specific stress
response pathway sensing protein folding stress, inhibiting protein synthesis and activating
chaperones (Hetz et al., 2020). The UPRER promotes longevity when activated through
IRE1/XBP1 signalling (Taylor and Dillin, 2013). Moreover, enhanced protein quality con-
trol through activation of the hexosamine pathway extends lifespan (Denzel et al., 2014).
Autophagy is a major pathway of bulk protein degradation in the cell. Its activation was
shown to be involved in processes mediating longevity such as the TOR and UPRER signalling
pathways (Martina et al., 2012; Deegan et al., 2013). Furthermore, the over-expression of
Atg5, a protein essential for autophagosome formation, has been shown to activate autophagy
and extend lifespan in mice (Pyo et al., 2013). Together, longevity relies on the mainten-
ance of protein homeostasis on several levels and the fidelity of corresponding stress response
mechanisms. The ISR is one of the major cellular stress sensing pathways regulating pro-
tein synthesis. Mutations in the ISR have been shown to cause diseases in humans (van der
Knaap et al., 2002) and maladaptive changes in ISR activity were associated with a variety
of age-associated pathologies, including cancer, neurodegenerative and metabolic disorders
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(Costa-Mattioli and Walter, 2020). However, the direct roles of the ISR during healthy ageing
and longevity remain largely unexplored.

1.3 The model organism Caenorhabditis elegans

The small worm C. elegans was introduced by Sydney Brenner as model organism to study ba-
sic genetics in 1974 (Brenner, 1974). The 1 mm small post-mitotic animals are non-parasitic,
multicellular nematodes containing 959 somatic cells forming different organs and tissues
including a nervous system containing 302 neurons. Their life cycle from a fertilised egg
to an adult is completed after three days when the animals are grown at 20 ◦C. The worm
development comprises four larval stages. Under stress conditions such as heat stress or
starvation, the nematodes can enter an alternative larval stage called the dauer stage, prim-
ing the animals to survive harsh conditions while keeping them in a type of stasis (Fig. 7;
Meneely et al. (2019)). The mean lifespan of C. elegans is 21 days at 20 ◦C under laborat-
ory conditions, making it easy to study their whole life cycle (Meneely et al., 2019). The
worms are genetically well studied. They have five pairs of autosomes and one pair of sex
chromosomes. C. elegans was the first multi-cellular organism to ever have its genome fully
sequenced (Consortium, 1998), comprising about 20 000 protein-coding genes according to
the WormBase data release WS280. The animals are hermaphrodites. They reproduce by
self-fertilisation and therefore produce offspring which is genetically mostly identical with
their parent. However, male animals occur due to non-disjunction of the sex chromosomes
during meiosis with a chance of about 0.2 % and can be used for genetic crossing experiments
(Hodgkin and Doniach, 1997).

A plethora of genetic experimental methods can be used within C. elegans research. RNA
interference (RNAi) can be induced in worms by ingestion of bacteria containing double-
stranded RNA (dsRNA) in form of specific plasmids (Fire et al., 1998; Timmons et al.,
2001). Forward genetic screens, traditional transgenesis via extrachromosomal arrays and
genetic modifications using CRISPR/Cas9 are routinely being performed (Meneely et al.,
2019; Paix et al., 2017). Furthermore, the animals are frequently used to study the effects of
environmental stress including heat shock, oxidative stress, and ER stress, for example using
fluorophore reporter constructs as stress markers (Meneely et al., 2019; Morley and Morimoto,
2004). The worm’s cuticle is transparent, making it easy to track such in vivo fluorescent
markers. In addition, biochemical research techniques get more and more adapted by the
worm community. One example is the analysis of global translation using the separation of
ribosomes on a sucrose gradient in polysome profiling experiments (Großhans and Ding, 2009).
However, tissue-specific analyses from the small worms remain rare and are complicated by
the small size of the animals, making tissue dissections tricky.

The genetic conservation between worms and higher organisms including mammals is sur-
prisingly high with 60-80 % of human genes having homologues in C. elegans. This is also
reflected in a high conservation of cellular pathways (Kaletta and Hengartner, 2006), in-
cluding a wide range of pathways involved in the regulation of ageing and longevity such
as the TOR and IIS pathways (Kenyon, 2010). Three Nobel prizes have been awarded for
research conducted with C. elegans. In 2002, Sydney Brenner, Robert Horvitz and John
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Figure 7: The life cycle of C. elegans. Worms develop from an embryonic state through four larval stages into adults
within three days upon favourable conditions. During harsh environmental conditions, dauer larvae develop which are
adapted for long-term survival. During their life-cycle, C. elegans show a wide range of ageing phenotypes. Figure
adapted from Herndon et al. (2018), in WormAtlas.

Sulston shared the Nobel prize for their discoveries in the fields of genetic regulation of organ
development and programmed cell death using the nematode. Andrew Fire and Craig Mello
were awarded a Nobel Prize for the discovery of RNA interference in C. elegans in 2006. For
the discovery of green fluorescent protein (GFP) and its utilisation as research tool e.g. in C.
elegans, Osamu Shimomura, Martin Chalfie and Roger Tsien were awarded the Nobel prize
in 2008. Together, these points underline the suitability of C. elegans as model organism to
study molecular and genetic mechanisms in general and the ageing process in particular.

1.3.1 Conserved pathways in C. elegans: The IIS and ISR pathways

As mentioned above, many important signalling pathways are conserved between C. eleg-
ans and higher organisms. As in mammals, the fundamental IIS pathway is regulated by
insulin-like peptides in the worm. In C. elegans, DAF-2 is the ortholog of the mammalian
insulin receptor IGFR1 (Kimura et al., 1997). Like in higher organisms, DAF-2 regulates
a downstream cascade involving AGE-1, the worm version of the PI3-kinase (Morris et al.,
1996; Murphy and Hu, 2013). The important FOXO transcription factor regulated by IIS
activity is termed DAF-16 in the worm and was shown to act downstream of DAF-2/AGE-1
(Lin et al., 1997; Ogg et al., 1997). Mutations in many C. elegans genes involved in the IIS
pathway were shown to cause longevity (Murphy and Hu, 2013).

Moreover, the ISR is an evolutionary conserved pathway and the C. elegans genome con-
tains orthologs of the key genes and corresponding proteins involved in the ISR (Fig. 8). In
worms, the two known eIF2 kinases are GCN-2 and PEK-1, which are orthologs of mam-
malian GCN2 and PERK, respectively. In accordance with the canonical knowledge on the
ISR, upon amino acid starvation, GCN-2 was shown to mediate phosphorylation of eIF2 in
C. elegans (Rousakis et al., 2013). Upon ER stress, PEK-1 phosphorylates eIF2 in worms
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Figure 8: The ISR in C. elegans. Schematic depiction of the translation initiation pathway and the ISR as described
in the nematode C. elegans.

(Richardson et al., 2011). The phosphorylation site around Serine 51 at eIF2α is conserved
between the worm and human protein sequences. Inhibition of the β subunit of eIF2 and the
δ subunit of eIF2B have been shown to reduce overall translation rates and thereby extend
lifespan of worms (Hansen et al., 2007; Tohyama et al., 2008). Furthermore, ATF4 is con-
served and its worm ortholog is atf-4 (previously named atf-5 ). As in other organisms, in C.
elegans, atf-4 is proposed to be regulated by the presence of two uORFs. Reporter worms
express constructs with the atf-4 promotor including the two uORFs, followed by either the
main atf-4 sequence including a C-terminally fused GFP or a GFP directly inserted after the
promotor. Both reporter lines showed a stress induced increase of the GFP signal, proving
that ATF4 protein levels are induced upon cellular stress as for the yeast and mammalian
versions (Rousakis et al., 2013; Statzer et al., 2020). Rousakis et al. (2013) further could
show that the translational repression of atf-4 under non-stress conditions depends on the
uORF sequences. They also showed that the induction of atf-4 under amino acid starvation
depends on the ISR kinase GCN-2 (Rousakis et al., 2013). Therefore, as in the yeast and
mammalian orthologs, the uORFs of C. elegans atf-4 regulate its translation in response to
different stresses. The protein phosphatase GSP-1 is discussed to be required for eIF2 de-
phosphorylation in the worm (Baker et al., 2012). In sum, many main actors of the ISR are
conserved between C. elegans and other organisms, making the worm a suitable model to
study the ISR and its related cellular mechanisms.

1.3.2 Studying ageing in C. elegans

C. elegans is a popular model to study ageing and many key discoveries in ageing and longevity
research have been made using the small nematode. Next to the earlier mentioned features
making the worm a suitable model organism in general, the short lifespan of the animals makes
them particularly valuable for the ageing research field. Moreover, worms show a wide range

29



of ageing phenotypes, including a decline in tissue integrity, motility, memory and immunity;
also complex changes at the cellular and molecular level were observed during worm ageing
such as fragmentation of mitochondria, a decline of protein homeostasis or global changes in
gene expression (Son et al., 2019). The first signalling pathway shown to modulate ageing
was discovered in C. elegans: The IIS pathway. Kenyon et al. (1993) showed that partial
loss of function mutations in daf-2/IGFR1 extend worm lifespan (Kenyon et al., 1993).

In the search of genetic ageing regulators, genetic screens for the phenotype of longevity
have been performed very successfully in C. elegans and led to the discovery of multiple genes
associated to ageing and longevity processes (Klass, 1983; Friedman and Johnson, 1988a,b;
Lee et al., 2003; Hamilton et al., 2005; Hansen et al., 2005). These screens for longevity can be
assigned to two classes. In early screens, parental worm populations were mutagenised with
chemical agents inducing point mutations to the DNA in an unbiased way, for example using
ethyl methanesulfonate (EMS). The offspring of these mutagenised animals was analysed
for the phenotype of longevity. To identify genes causing the lifespan extension, associated
phenotypes and gene segregation were analysed. The first forward genetic screen for longevity
in C. elegans by Michael Klass (1983) identified eight mutant worm lines each with a lifespan
extension of at least 20 % (Klass, 1983). This initial screen led to the identification of age-
1/PI3-kinase, one of the first ever identified longevity genes, that was later shown to be part
of the IIS pathway (Friedman and Johnson, 1988a,b; Murphy and Hu, 2013). Of the eight
mutants, all fell into one of the two phenotype categories of spontaneous dauer formation
or reduced food intake and ingestion. From these results, Klass concluded that longevity
genes must be rare. After the discovery of RNAi in C. elegans (Fire et al., 1998), RNAi
clone libraries targeting most of all known C. elegans genes enabled functional, genome-wide
RNAi screens for longevity genes (Lee et al., 2003; Hamilton et al., 2005; Hansen et al., 2005).
These successful RNAi screens led to the identification of numerous genes causing significant
longevity upon their knockdown. The vast majority of these genes was involved in three
processes: the IIS pathway, mitochondrial processes or the response to dietary restriction.
It was hence concluded that the major biological pathways causing lifespan extension by
their inhibition in C. elegans were discovered (Hansen et al., 2005). However, RNAi remains
limited in the context of genetic screens. It causes variable degrees of mRNA knockdown
and does not have the resolution to induce other genetic alterations such as point mutations,
potentially leading to gain-of-function mutations. Furthermore, functions of essential genes
cannot be investigated in genetic screens using RNAi.

While the processes behind ageing and longevity are still not fully understood, the advanced
sequencing analysis methods available nowadays provide ground-breaking new possibilities
when it comes to the performance and analysis of genetic screens. Through the combination
of random chemical mutagenesis with whole genome sequencing, a deep screening resolu-
tion is enabled: Mutations in essential genes can be investigated, for example resulting in
separation-of-function mutations (Allmeroth et al., 2020; Horn et al., 2018). Further, the
point mutagenesis combined with sequencing can lead to the identification of single amino
acid substitutions causing gain-of-function mutations. For example, a C. elegans screen, us-
ing resistance to ER stress as proxy phenotype, identified a gain-of-function mechanism in
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GFAT-1 that improved protein quality control and therefore extended worm lifespan (Den-
zel et al., 2014). Random chemical mutagenesis combined with high throughput sequencing
has thus been proven to identify relevant phenotypes in the past in worms and other model
systems (Denzel et al., 2014; Allmeroth et al., 2020; Horn et al., 2018). However, an un-
biased forward genetic screen using chemical mutagenesis in combination with whole genome
sequencing has not been performed to date directly analysing the phenotype of longevity.
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1.4 Aims of this study

The human average age has been increasing for generations and the main causes of death
in the modern western civilisation are cardiovascular diseases and cancer, pathologies which
are highly associated with ageing (Plötzsch and Rößger, 2015; Bundesamt, 2017). Ageing
concerns all humankind. In this context, I want to make a contribution to the field of age-
ing research. Therefore, the main objective of my PhD project is the identification of new
conserved biological mechanisms of ageing in the model organism C. elegans. So far, genetic
screens for the phenotype of longevity in C. elegans (1) identified longevity without hav-
ing access to whole genome sequencing (Klass, 1983), (2) identified mainly loss of function
longevity alleles using RNAi (Lee et al., 2003; Hamilton et al., 2005; Hansen et al., 2005) or
(3) used proxy phenotypes not directly aiming towards longevity (Denzel et al., 2014). To
uncover novel genes that modulate the process of ageing, Dr. Martin Denzel and his team
set out to perform the first unbiased forward genetic screen in C. elegans, directly aiming
for enhanced lifespan in mutant worms, combining it with whole genome sequencing. This
screening workflow enabled the unrestricted analysis of loss- and gain-of-function mutations
in non-essential and essential genes causing an extension of worm lifespan. Making use of this
unbiased forward genetic screen, the overall research aim of my PhD project was the identi-
fication and characterisation of novel genes implicated in the process of ageing. At the same
time, I aimed to generate research tools to comprehensively study age-associated phenotypes
in the nematode. In sum, I addressed the following major aims during my doctoral study:

(1) Identifying novel genetic regulators of the ageing process using an unbiased forward
longevity screen in C. elegans.

(2) Unraveling the cellular mechanism of action behind the novel longevity genes identi-
fied in (1).

(3) Raising the bar of tissue-specific experimental techniques in C. elegans to improve bio-
chemical ageing research using the worm.

Together, following the fundamental ideas behind this research project, I aim to identify
novel genetic ageing regulators, fine-tuning of which can ultimately prevent detrimental age-
associated phenotypes or diseases not only in the nematode, but potentially also in higher
organisms up to humans.
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2 Results

2.1 An unbiased forward longevity genetic screen in C. elegans

2.1.1 The forward longevity screen: Overview and results

To uncover novel regulators that modulate the process of ageing, we optimised an unbiased
forward longevity genetic screen in C. elegans, directly aiming for enhanced lifespan in mutant
worms (Klass, 1983; Friedman and Johnson, 1988b), by combining it with deep sequencing.
A parental population of the conditionally sterile CF512 strain [fer-15(b26); fem-1(hc17)]
was mutagenised with 0.3 % ethyl methanesulfonate (EMS). As an alkylating reagent, EMS
induces mostly nucleotide substitutions in form of transitions. Animals of the F2 generation
were collected, carrying homozygous mutations for a given allele. The clonal individual F3
populations were then tested for extended lifespan after inducing sterility by growth at non-
permissive temperature until the L4 larval stage. Of 28 000 tested genomes, 283 mutant
strains showed an increase in their maximum lifespan of at least 2 days compared to a CF512
control (Fig. 9a). Verifying these results, full demographic lifespan analyses were performed
and confirmed an enrichment in mutant worm lines with extended lifespan from the forward
longevity screen (Fig. 9a and 9b). We aimed to perform whole genome sequencing of all
mutants with at least 18 % mean lifespan extension. From the frozen worm stocks, we were
able to recover 101 mutant worm lines from the originally 127 strains fulfilling our criteria
of 18 % mean lifespan extension and more. Thus, 101 genomes were sequenced. All single-
nucleotide polymorphisms (SNPs) within the long-lived EMS-mutant strains were mapped
and identified, resulting in a list of potential longevity variants, encompassing loss- and gain-
of-function alleles. Taken together, the sequencing of 101 long-lived C. elegans genomes
resulted in over 30 000 SNPs including non-synonymous, frameshift and start/stop codon
mutations in over 5000 genes. To exclude unknown but common C. elegans variants that did
not arise from the EMS, we only incorporated unique SNPs for further analyses.

Making use of this forward longevity screen combined with deep sequencing, the overall
research aim of my PhD project was the identification and characterisation of novel genes
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implicated in the process of ageing and longevity. One of the most challenging parts of this
project was the identification of the variants causing lifespan extension in the EMS mutagen-
ised worms. For this purpose, we developed two distinct strategies of (1) analysing separate
long-lived strains and (2) pooling and analysing all sequencing data of the strains with lifespan
extension. Both methods and their results will be introduced in the following chapters. The
underlying assumption for both strategies is that the lifespan extension was caused by a single
SNP present in distinct worm stains as seen with gfat-1 mutants, where three independent
point mutations were shown to enhance lifespan by activating the hexosamine pathway and
thereby improving protein quality control (Denzel et al., 2014).

2.1.2 Outcrossing for longevity reduces the number of SNPs in the CDS

The aim of strategy (1) for the identification of novel longevity alleles was to reduce the
number of EMS SNPs in single worm strains while preserving the mutated locus causative
for the lifespan extension. A selected long-lived worm strain from the forward longevity
screen was outcrossed to a wildtype Bristol N2 C. elegans strain (hereafter referred to as
wildtype), following the phenotype of longevity. Subsequently, the outcrossed worm genomes
were sequenced and analysed for remaining EMS SNPs. To ensure a sufficient decrease in
EMS SNPs, several outcrossing events needed to occur between the mutant and wildtype
genomes. Starting with a parental cross between mutant and wildtype strains, up to the F2
generation every worm underwent two distinct outcrossing events. To increase the number
of these events without consecutively repeating such crosses, we aimed for a high number of
outcrossed and long-lived worm lines within the F3 generation. This strategy increased the
outcrossing events in a parallel manner (Fig. 10a). We performed whole genome sequencing
of pooled DNA from heterogenous long-lived and individually out-crossed F3 animals. We
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then looked for remaining common EMS SNPs in the long-lived lines after outcrossing.
This approach was performed on the EMS-mutant strain MSD211, which is one of the most

long-lived worm lines generated in the forward longevity screen (long-lived by 46 % compared
to a CF512 control, Fig. 10b). Therefore, screening for conserved longevity after outcross-
ing was possible by analysing maximum lifespans. Furthermore, the EMS mutagenised line
MSD211 has no mutations in known longevity pathways. After two outcrossing events each,
twelve distinct worm lines could be identified to be long-lived in the F3 generation. Hence,
the genomic DNA of these lines was prepared, pooled and whole genome sequencing was
performed. The subsequent SNP analysis revealed a reduction of EMS SNPs by ∼87 % from
994 EMS SNPs within the original EMS mutant line to 126 common EMS SNPs in the out-
crossed lines. To genetically map the longevity-causing variants, we analysed the remaining
EMS SNPs for an enrichment within a specific chromosome. However, a chromosome-specific
enrichment could not be observed (Fig. 10c). Of the remaining 126 EMS SNPs, one fell
into the coding DNA sequence, namely the coding region of the uncharacterised C. eleg-
ans gene R160.6. The EMS variation within R160.6 could be generated in wildtype worms
by using the CRISPR/Cas9 technology and a lifespan analysis of the resulting worm strain
R160.6(wrm23) was performed. Compared to a wildtype control, the R160.6 mutant worms
did not show a lifespan extension (Fig. 10d).

These results indicate, that either the longevity causing allele of the strain MSD211 resides
within the non-coding region of the genome or that a combination of SNPs within or outside
the CDS cause the longevity. Hence, a general assumption that the forward longevity screen
mainly produced mutations in the coding region of the genome causative for lifespan extension
cannot be made.

2.1.3 Selection of candidate genes by allelism enables identification of known longevity
genes

In strategy (2), we analysed the pooled EMS variant data of all 101 sequenced strains with
at least 18 % lifespan extension compared to control (Fig. 9b). From the over 5000 genes
hit by the EMS mutagenesis, we aimed for a universal list of high-confidence candidate
longevity genes and corresponding alleles, which could subsequently be tested for an effect on
worm lifespan. While the "outcrossing for longevity" strategy described above indicates, that
the lifespan-extension causing variants can reside within the non-coding sequence, previous
targeted screens in worms and mammalian cells prove the successful identification of SNPs
causing defined phenotypes by analysing the coding sequence (CDS) only (Denzel et al., 2014;
Horn et al., 2018; Allmeroth et al., 2020). Hence, we created a pipeline for candidate longevity
gene identification from EMS SNPs within the CDS. The overall basis of this pipeline was the
assumption, that one mutant gene per genome is driving longevity. Further selection criteria
for high-confidence candidate genes were the following: A high-confidence candidate gene
was represented by at least two different alleles in independent mutant worm lines (allelism).
We next produced a score indicating the probability of a given mutation having an influence
on the function of the gene, dividing the size of the coding sequence of a given gene by the
number of times it was independently mutagenised in total. Last, we manually analysed the
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Chromosome Position Nucleotide substitution Gene name AA substitution AA position Strain name
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IV 3798574 C/T osm-3 A/T 140 MSD009
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Figure 11: Mutations in known longevity genes identified through a mutagenesis screen for longevity.
a Detailed overview of identified alleles in the daf-2 insulin/insulin-like growth factor 1 (IGF-1) receptor gene. b
Schematic representation of the daf-2 gene and corresponding alleles identified in the screen, also shown in (a). c
Percentage of worms entering the dauer stage upon development at 27 ◦C. Analyzed were CF512 control worms, mutant
strains from the screen carrying daf-2 mutations (MSD strains shown in a and b), and a dauer constitutive (daf-c)
daf-2(e1370) control strain (n=1 with ≥50 animals per genotype). d Microscopic analysis of dauer alae. Analysed were
control and mutant worm strains depicted in (c). White arrows indicate dauer alae. e Detailed overview of alleles in
known longevity genes che-3, osm-3, ife-2, and ifg-1 identified in the screen.
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list of candidate alleles for clusters of candidate genes in specific pathways.
From the high-confidence candidate gene list we identified variants of genes that are known

to modulate lifespan in C. elegans, validating this approach (Tacutu et al., 2018). Such a
gene is for example the insulin/IGF receptor ortholog daf-2, specific knockdown alleles of
which are known to enhance lifespan in worms and higher organisms via reduction of the
insulin signalling pathway. Exemplary is the canonical allele daf-2(e1370), extending worm
lifespan by ∼100 % compared to wildtype control worms (Kenyon et al., 1993). In the forward
longevity screen, we identified six novel daf-2 alleles in six independent long-lived worm
lines (Fig. 11a and b). Therefore, the daf-2 gene appeared on top of the high-confidence
candidate gene list (see Tab. 4 in appendix). A specific phenotype of daf-2 mutants is their
ability to enter the developmental dauer state: 100 % of daf-2(e1370) larvae enter the dauer
state if grown at 27 ◦C (temperature-sensitive dauer-constitutive mutants), whereas wildtype
worms remain in a conventional developmental cycle (Gems et al., 1998). To verify that
the newly identified mutations have an effect on DAF-2 function, we directly checked if
the EMS mutant worms are temperature-sensitive dauer-constitutive. We quantified heat-
induced dauer formation and observed enhanced dauer formation in three out of six daf-
2 mutant worm lines (Fig. 11c). We further analysed a dauer-specific trait of the worm
cuticle called dauer alae. While a CF512 control develops regular cuticle alae if grown at
27 ◦C, the three above identified dauer-constitutive daf-2 mutants also developed dauer alae
(forward longevity screen lines MSD055, MSD212 and MSD305; Fig. 11d). Hence, they can
be considered functional daf-2 mutants. From these results, we conclude that in these strains,
longevity is likely obtained via reduction of insulin/IGF signalling activity by insulin/IGF
receptor mutations.

Next to the daf-2 gene, we identified genes in pathways known to drive longevity through
reduced mRNA translation (two mutations each in ifg-1 and ife-2 ; Hansen et al. (2007); Ro-
gers et al. (2011)), and in pathways that extend lifespan by regulating chemosensation (four
mutations in che-3 and one mutation in osm-3 ; Fig. 11e; Apfeld and Kenyon (1999)). To-
gether, these results validate the forward longevity screen and the high-confidence candidate
gene list as combined approach to identify longevity genes. To avoid the dilution of the high-
confidence candidate gene list, we excluded worm lines with SNPs in already known longevity
genes from the analysis. These criteria led to a total of 303 high-confidence candidate genes
from a total of 101 sequenced long-lived worm lines.

2.2 Mutations in the translation initiation machinery cause longevity without
reduction in overall protein synthesis

2.2.1 From the forward longevity screen to translation initiation

To identify novel longevity alleles from the high-confidence candidate genes conveyed from
the forward longevity screen, we aimed to validate the top candidates. To analyse the lifespan
effect of candidate mutations in a clean genetic background, we either outcrossed the corres-
ponding EMS mutagenised strain at least 4 times to wildtype animals, or we recapitulated
the respective genetic change using the CRISPR/Cas9 technology in wildtype worms. Due
to our high-confidence candidate gene criteria, all genes on our list were represented with at
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Figure 12: Mutations in ISR components identified in the forward longevity screen in C. elegans. a
Detailed overview of identified longevity alleles clustering in the ISR identified in the screen. b Schematic represent-
ation of identified ISR genes and corresponding longevity alleles. c Survival of outcrossed ppp-1(wrm10) and ppp-
1(wrm15) mutants compared to WT controls (representative data from n=3 independent experiments). d Survival of
CRISPR/Cas9-generated ppp-1 alleles syb691 and syb728 compared to WT controls (representative data from n=2
independent experiments). syb691 corresponds to wrm10 and syb728 to wrm15. e Survival of outcrossed gcn-2(wrm4),
pek-1(wrm7), and gcn-2(wrm4); pek-1(wrm7) double mutants compared to WT controls (representative data from n=2
independent experiments). f Survival of outcrossed iftb-1(wrm53) mutants compared to WT controls (representative
data from n=2 independent experiments). g Thermotolerance assays of day 1 ppp-1 mutant worms compared to WT
controls (error bars represent means ±SD, two-way ANOVA Dunnett’s post hoc test with *p<0.05 and **p<0.01 versus
WT controls at respective time points; n=4 independent experiments with 50 animals each). h Motility assays using
day 8 WT animals and ppp-1 mutants with unc-54P-driven muscle-specific expression of polyQ35 YFP fusion protein
(error bars represent means ±SD, one-way ANOVA Dunnett’s post hoc test with ***p<0.001 versus WT controls; n=3
independent experiments with ≥12 animals each). i Motility assays using day 7 WT animals and ppp-1 mutants with
unc-54P-driven muscle-specific expression of α-synuclein (α-syn; error bars represent means ±SD, one-way ANOVA
Dunnett’s post hoc test with ***p<0.001 versus WT controls; n=3 independent experiments with 15 worms each).
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least two independent alleles. To test as many genes as possible, we decided to validate one
allele per candidate gene. Using these strategies, we analysed a total of 20 isolated mutations
from the EMS background, which turned out as false candidates not causing longevity (see
Tab. 4 in appendix).

Notably, we next identified a cluster of genes that control the process of mRNA translation
initiation and the ISR (Fig. 8). As described in detail in the introduction (see chapter
1.2.3), one of the key factors during translation initiation is eIF2-GTP, which is a primary
constituent of the TC. For each translation initiation process, a guanine nucleotide exchange
at eIF2 is mediated by eIF2B, a second key regulator of translation initiation. During the
active ISR, in worms eIF2 is phosphorylated by one of its stress-sensing kinases GCN-2 or
PEK-1, making phospho-eIF2 an inhibitor of its own GEF eIF2B. As a result, TC formation
and overall translation are down-regulated during the active ISR. We initially found the gene
ppp-1/eIF2Bγ ranking high on the candidate list with two independent alleles. We further
identified one mutation each in gcn-2/GCN-2, pek-1/PEK-1 and iftb-1/eIF2β (Fig. 12a and
b). Strikingly, the outcrossed alleles ppp-1(wrm10) and ppp-1(wrm15) led to an increase
in lifespan by over 20 % compared to wildtype controls (Fig. 12c). The longevity of both
ppp-1 alleles could be confirmed in corresponding CRISPR/Cas9-generated mutants ppp-
1(syb691) and ppp-1(syb728) (Fig. 12d). Furthermore, the outcrossed mutants gcn-2(wrm4)
and pek-1(wrm7), the double mutant gcn-2(wrm4); pek-1(wrm7) and finally the outcrossed
iftb-1(wrm53) strain were long-lived compared to controls (Fig. 12e and f). These results
prove the successful identification of novel longevity variants from the forward longevity
screen using our high-confidence candidate gene list. Furthermore, we found an unknown
link between ISR regulation and lifespan extension in C. elegans.

Longevity is often associated with an increase in protein homeostasis (Denzel et al., 2014;
Ben-Zvi et al., 2009; Pyo et al., 2013). Hence, we analysed the ppp-1 mutants with their
robust lifespan extension for phenotypes upon proteotoxic conditions. Upon heat stress
at 35 ◦C, both ppp-1 strains showed an increase in survival compared to wildtype animals
(Fig. 12g). We further crossed the ppp-1 mutants in backgrounds expressing muscle-specific
tagged polyglutamine stretches (polyQ35, Morley et al. (2002)) or muscle-specific tagged α-
synuclein (van Ham et al., 2008). Both transgenic constructs decrease the motility of wildtype
worms drastically. Strikingly, the ppp-1 mutations rescued these paralysis phenotypes and
increased motility significantly compared to controls (Fig. 12h and i). Hence, the identified
ppp-1 alleles cause not only a robust lifespan extension but also an increased resistance to
proteotoxic stresses.

2.2.2 Attenuated mRNA translation does not drive ppp-1 longevity

It is a widely accepted longevity regime that reducing protein production by down-regulating
mRNA translation can lead to an extension of lifespan (Hansen et al., 2007; Syntichaki et al.,
2007; Tohyama et al., 2008; Pan et al., 2007). The identified longevity alleles of ppp-1 and iftb-
1 reside within critical subunits of key regulators eIF2B and eIF2 of the translation initiation
process (Fig. 8). Hence, we carefully analysed mRNA translation and protein synthesis in
these mutants.
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Figure 13: Mutations in ppp-1 do not attenuate global protein synthesis (previous page). a Puromycin
incorporation followed by Western blot analysis using antibodies detecting puromycin and α-tubulin in day 1 WT
animals, iftb-1(wrm53) mutants, and control rsks-1(sv31) mutants. Images of the same membrane are shown with short
and long exposures (error bars represent means ±SEM, one-way ANOVA Dunnett’s post hoc test with **p<0.01 and
***p<0.001 versus WT control; n=3 independent experiments). b Puromycin incorporation assay in day 1 WT animals,
ppp-1 mutants, and rsks-1(sv31) controls as described in (a). Images of the same membrane are shown with short and
long exposures (error bars represent means ±SEM, one-way ANOVA Dunnett’s post hoc test with ***p<0.001 versus
WT control; n=6 independent experiments). c Quantification of methionine 35S labelling of day 1 WT worms, ppp-1
mutants, and control rsks-1(sv31) mutants (error bars represent means ±SEM, one-way ANOVA Dunnett’s post hoc test
with ***p<0.001 versus WT; number of independent experiments (n) indicated in the figure). d Polysome profiling and
quantification of day 1 WT and ppp-1 animals. Quantification represents the relative abundance of ribosomal subunits
(40S, 60S), monosomes (mono) and polysomes (poly; error bars represent means +SD, two-way ANOVA Dunnett’s post
hoc test; n=4 independent experiments; no significant changes were detected). e Polysome profiling and quantification
of day 1 WT and gcn-2(wrm4); pek-1(wrm7) animals as explained in (d) (error bars represent means +SD, two-way
ANOVA Dunnett’s post hoc test; n=3 independent experiments; no significant changes were detected).

Surface sensing of translation (SUnSET) is a method based on the incorporation of the
compound puromycin into actively synthesised proteins. The incorporated puromycin can
be immunologically detected with a monoclonal antibody during Western blotting. Hence,
it gives direct and quantifiable insight into protein synthesis rates (Schmidt et al., 2009).
The iftb-1 mutants showed a significant reduction in puromycin incorporation compared to
wildtype worms (Fig. 13a). In consistence, RNAi-mediated knockdown of iftb-1 was previ-
ously reported to reduce protein synthesis rates and to extend lifespan in C. elegans (Hansen
et al., 2007). Surprisingly, puromycin incorporation assays in ppp-1 mutants did not show
changes in translation rates compared to wildtype animals, while control rsks-1/S6K mutants
displayed a strong reduction in incorporated puromycin (Fig. 13b). To verify these results,
we measured protein synthesis via the incorporation of radioactive isotope 35S-methionine
tracers. In consistence with the previous SUnSET measurements, ppp-1 mutants did not
show a reduction in protein synthesis using isotopic protein labelling, while in rsks-1/S6K
control animals a strong reduction of 35S-methionine incorporation was measured (Fig. 13c).

To deeper understand the activity of the translational machinery of ppp-1 mutants, we per-
formed polysome profiling. In this method, ribosomal complexes including bound mRNAs
are separated on a sucrose gradient during ultracentrifugation due to differences in dens-
ity. Hence, free ribosomal subunits can be divided from translating monosomes (one actively
translating ribosome per mRNA) and polysomes (two and more actively translating ribosomes
per mRNA). Again, in ppp-1 mutants no differences in ribosome distribution could be de-
tected in comparison to wildtype animals (Fig. 13d). We also analysed the translational
machinery of the gcn-2(wrm4); pek-1(wrm7) double mutant using polysome profiling and did
not detect changes in translation compared to wildtype worms (Fig. 13e). Therefore, the
analysis of the forward longevity screen revealed two classes of mutations in key enzymes of
the translation initiation process that can be linked to lifespan extension. First, animals with
a novel mutation in iftb-1/eIF2β are long-lived while showing reduced protein synthesis rates.
Next, the ppp-1/eIF2Bγ mutants with extended lifespan and increased protein homeostasis
do not display changes in mRNA translation rates or the ribosomal machinery.

Translational activity can be modulated by inactivation of eIF2 via phosphorylation through
ISR activity. eIF2B regulates eIF2 and can be inhibited in a feed-back loop by phosphorylated
eIF2. To analyse if the ppp-1/eIF2Bγ mutations affect eIF2 phosphorylation, we monitored
eIF2α phosphorylation in ppp-1 animals on day 1 and day 6 of adulthood. While phos-
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Figure 14: ISR analysis in aged ppp-1 mutants. Representative Western blot and quantification of day 1 and
day 6 WT animals and ppp-1 mutants detecting phospho-eIF2α (Ser51) normalized to α-tubulin (error bars represent
means ±SEM, one-way ANOVA Tukey’s post hoc test with *p<0.05 and **p<0.01 versus WT day 1; n=4 independent
experiments).

phorylated eIF2α levels were consistently increased upon ageing, no differences between ppp-
1 mutants and wildtype animals could be detected (Fig. 14). Overall, ppp-1 longevity and
increased protein homeostasis are not driven by attenuated mRNA translation.

2.2.3 ppp-1 longevity is driven by translation of specific mRNAs

While ppp-1 mutants did not display changes in global protein synthesis, we hypothesised
that translational efficiency of specific mRNAs might be changed. To analyse translational
efficiency, we used polysome profiling followed by RNA sequencing. We specifically analysed
mRNAs associated with polysomes (>3 ribosomes/mRNA), since these can be considered
as efficiently translated transcripts. The detected levels of polysome-bound mRNAs were
normalised to total RNA levels, which led to the translational efficiency levels (Fig. 15a).
The polysome fractions of ppp-1 mutants showed a significant de-enrichment of 336 mRNAs
and an enrichment of 72 mRNAs (Fig. 15b) compared to wildtype worms. In the set of all
significantly changed mRNAs, a GO term analysis of the corresponding genes revealed an
over-representation of annotations regarding phosphorylation processes (Fig. 15c).

We next analysed if the enhanced translational efficiency of specific mRNAs contributes
to ppp-1 longevity and increased protein homeostasis. Therefore, we individually knocked
down the candidate mRNAs that we found to be enriched in ppp-1 mutants using RNAi in
ppp-1(wrm10) animals. We used the resistance to polyQ35-mediated paralysis as a proxy-
phenotype for general increased protein homeostasis and longevity. At day 8 of adulthood,
polyQ transgenic worms were paralysed and did not move outside an area of 1 cm2, while
the ppp-1(wrm10) allele rescued this phenotype in an easily quantifiable way (Fig. 15d). We
screened for candidate mRNAs, knockdown of which would reduce the motility in polyQ
transgenic ppp-1(wrm10) mutants towards wildtype levels. The RNAi treatment against 7
mRNA candidates suppressed the ppp-1(wrm10) motility on plates by at least 50 % (Fig. 15d,
depicted in yellow). To validate the effect of these 7 top suppressor mRNAs, we performed
body bending assays in liquid in both ppp-1 mutants upon RNAi-mediated knockdown of
the given mRNAs. All treatments led at least to a mild suppression of motility compared
to the luciferase-targeting control RNAi treatment with some reaching significance in ppp-1

42



c

5

0 15.9 31.9 47.8 63.8

GO:0006796~phosphate containing compound metabolic process 52
GO:0006793~phosphorus metabolic process 52

GO:0006464~cellular protein modification process 53
GO:0036211~protein modification process 53

GO:0006470~protein dephosphorylation 20
GO:0016311~dephosphorylation 20

GO:0007060~male meiosis chromosome segregation
GO:0007283~spermatogenesis 10

GO:0048232~male gamete generation 10
GO:0008360~regulation of cell shape 11

GO:0007140~male meiosis 5
GO:0018105~peptidyl serine phosphorylation 12

GO:0018193~peptidyl amino acid modification 20
GO:0018209~peptidyl serine modification 12

GO Term Enrichment

1 0.7 0.3 0 0.7 1.3 2
Differential Expression

b

-5 0 5
0

2

4

6

8

-lo
g1

0(
p.

va
lu

e(
w

t v
er

su
s 

pp
p-

1)
)

Non Significant p>0.05
Significant p<0.05

log2FC(wt versus ppp-1)

a

f

luc

C01
A2.5

D10
14

.3

M04
F3.3

/ki
n-3

5

F33
H2.8

K04
C2.3

Y18
D10

a.1
0

C01
H6.3

0

20

40

Bo
dy

 b
en

ds
 / 

30
 s

ec

n=1

e

luc

C01
A2.5

D10
14

.3

M04
F3.3

/ki
n-3

5

F33
H2.8

K04
C2.3

Y18
D10

a.1
0

C01
H6.3

0

20

40

Bo
dy

 b
en

ds
 / 

30
 s

ec

*****

*

*

D8 unc-54P::Q35; ppp-1(wrm10)

0

20

40
*

**

***

D8 unc-54P::Q35; ppp-1(wrm15)

luc

C01
A2.5

D10
14

.3

M04
F3.3

/ki
n-3

5

F33
H2.8

K04
C2.3

Y18
D10

a.1
0

C01
H6.3

n=1 n=1

d
D8 unc-54P::Q35; WT D8 unc-54P::Q35; ppp-1(wrm10)

D
8 

un
c-

54
P

::Q
35

; W
T;

 lu
c

lu
c

C
01

A
2.

5
D

10
14

.3
M

04
F3

.3
/k

in
-3

5
F3

3H
2.

8
K

04
C

2.
3

Y
18

D
10

A
.1

0
C

01
H

6.
3

F4
6F

3.
2

C
34

F6
.1

C
04

F1
2.

1
K

08
A

2.
1

T0
9B

4.
7

F4
1C

3.
4

Y
67

A
10

A
.7

K
09

E
3.

5
ZK

13
07

.5
T2

4D
1.

4
B

05
46

.2
Y

66
H

1A
.2

ZK
11

28
.1

F3
5E

2.
5

F1
4B

6.
3

D
10

54
.1

5
C

32
D

5.
5

F4
1E

6.
13

Y
48

G
9A

.6
C

04
F1

2.
10

M
18

.5
T0

6D
4.

1
ZC

39
5.

3
B

03
36

.4
C

45
E

1.
1

F2
0G

2.
4

F2
5B

3.
4

Y
10

2A
5C

.1
8

K
10

D
11

.6
F5

8E
10

.4
Y

37
H

2A
.9

C
33

H
5.

7
H

36
L1

8.
2

Y
46

D
2A

.1
C

36
B

1.
7

Y
26

E
6A

.1
ZK

63
2.

13
C

33
F1

0.
8

Y
55

F3
A

M
.1

5
C

03
C

10
.3

B
03

34
.4

C
32

D
5.

9
F5

5H
12

.3
T2

1C
9.

1
Y

54
E

10
B

R
.1

ZK
93

0.
5

H
04

J2
1.

1
C

23
G

10
.1

1
F4

3E
2.

6
T2

8H
10

.1
C

02
F1

2.
4

F2
5B

3.
5

K
02

A
11

.1
T2

7E
4.

7
F1

6A
11

.1
T2

6A
5.

7
Y

10
2A

5C
.3

6
Y

57
E

12
A

L.
5

Y
37

H
2A

.5
0

25

50

75

100

D8 unc-54P::Q35; ppp-1(wrm10)

P
er

ce
nt

 m
ot

ile

Figure 15: (Caption next page.)

43



Figure 15: Translational efficiency is altered in ppp-1 mutants (previous page). a Polysome sequencing
strategy. b Volcano plot of polysome-associated mRNAs normalised to total mRNA levels between WT animals and
ppp-1 mutants. All displayed mRNAs were found in both ppp-1 mutants. Mean p-values and mean log 2-fold change of
both ppp-1 mutants were used (Student’s two-sided t test, significance is reached for p<0.05). FC=fold change. c DAVID
gene ontology (GO) analysis of significantly changed mRNAs shown in (b). Processes involved in phosphorylation are
highlighted in purple. d RNAi screen for suppressors of polyQ35; ppp-1(wrm10) motility. For reliability, assays of
polyQ35 WT animals and polyQ35; ppp-1(wrm10) mutants on luciferase RNAi were performed four times (error bars
represent means ±SD). Bars highlighted in yellow indicate RNAi treatments with a reduction of motility of at least 50 %
compared to the luciferase control treatment of polyQ35; ppp-1(wrm10) worms. e Motility assays of day 8 polyQ35
transgenic animals, polyQ35; ppp-1(wrm10) and polyQ35; ppp-1(wrm15) mutants after indicated RNAi treatments
(error bars represent means ±SD, one-way ANOVA Kruskal Wallis test with *p<0.05, **p<0.01 and ***p<0.001
versus respective luciferase control treatments; n=1 with ≥14 animals per treatment). f Control motility assays of
day 6 polyQ35 transgenic worms after indicated RNAi treatments (error bars represent means ±SD, one-way ANOVA
Dunnett’s post hoc test, no significant changes were detected; n=1 with ≥10 worms per RNAi treatment).

worms (Fig. 15e), while the RNAi treatments did not significantly change motility in polyQ35
wildtype animals (Fig. 15f). The candidate RNAi clones C01A2.5 and M04F3.3 were the only
ones that caused significant results independently in both ppp-1(wrm10) and ppp-1(wrm15)
mutants compared to luciferase-targeting control clones (Fig. 15e). Therefore, we analysed
ppp-1 lifespans upon knockdown of C01A2.5 and M04F3.3. RNAi treatment against C01A2.5
rescued the lifespan extension of both ppp-1 mutants, but also reduced wildtype lifespan
suggesting general toxicity (Fig. 16a). Strikingly, knockdown of M04F3.3 fully suppressed the
lifespan extension of ppp-1 mutants without showing effects on wildtype lifespan (Fig. 16b).
M04F3.3 is a so far uncharacterised C. elegans gene with a predicted protein kinase activity.
We hence termed it kin-35. We validated the RNAi-mediated knockdown of kin-35 by qPCR
(Fig. 16c). Importantly, the increased association of kin-35 to polysomes in ppp-1 animals
compared to wildtype could be confirmed by qPCR, while baseline levels of kin-35 transcripts
were not changed in the mutants (Fig. 16d). These results suggest that altered translational
efficiency of kin-35 is required for ppp-1 longevity.

To address if kin-35 is not only required for the lifespan-extension in ppp-1 animals but also
sufficient to cause longevity in wildtype animals, we generated three independent transgenic
lines over-expressing kin-35 through an extrachromosomal array. qPCR analysis confirmed
the over-expression of kin-35 in all three lines compared to transgenic lines not carrying the
array (Fig. 16e). The independent over-expression of kin-35 alone did not cause longevity
(Fig. 16f) or an increase in protein homeostasis measured by survival during heat stress
compared to controls (Fig. 16g). Together, our results demonstrate that while elevated kin-
35 transcript levels alone are not sufficient to induce longevity, the selective translation of
kin-35 is a driver of longevity in ppp-1 mutants.

2.2.4 Mutations in ppp-1 inhibit the ISR

To better understand the effects of the identified ppp-1 alleles, we further characterised their
functional relevance. Heterozygous ppp-1 strains were long-lived, demonstrating genetic dom-
inance of the ppp-1 mutations (Fig. 17a). Furthermore, RNAi mediated knockdown of ppp-1
in wildtype animals did not change their lifespan or response to heat stress compared to
luciferase-targeting RNAi control treatments. Instead, ppp-1 silencing fully abolished the
longevity of both ppp-1 mutants as well as their increased heat resistance (Fig. 17b and
c). Together, these results suggest that the ppp-1 mutations do not fall into the class of
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Figure 16: kin-35 translation is required for ppp-1 longevity. a Survival of WT animals and ppp-1 mutants
upon RNAi knockdown of C01A2.5 and control luciferase (n=1). b Survival of WT animals and ppp-1 mutants upon
kin-35 or control luciferase RNAi knockdown (representative data from n=2 independent experiments). c qPCR for
kin-35 mRNA in WT animals using luciferase control or kin-35 RNAi (error bars represent means ±SEM, unpaired
two-tailed t-test with *p<0.05 versus luciferase control; n=3 independent experiments). d mRNA distribution of kin-35
mRNA in total worm extracts and polysomes of day 1 WT and ppp-1 animals measured by qPCR (error bars represent
means±SEM, two-way ANOVA Tukey’s post hoc test with *p<0.05 and **p<0.01 versus WT control; n=3 independent
experiments). e Relative kin-35 mRNA levels measured by qPCR in kin-35 over-expressing worm lines 1, 2, and 3
compared to the respective non-transgenic littermate controls (n=1). f Survival of kin-35 over-expressing worms (lines
1, 2 and 3) compared to respective control animals not over-expressing the extrachromosomal array (representative data
from n=2 independent experiments). g Thermotolerance assay of day 1 kin-35 over-expressing mutants (lines 1, 2 and
3) compared to respective controls as described in (f) (representative data from n=2 independent experiments with ≥30
worms each). OE=Over-expressor.
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Figure 17: A knockdown of ppp-1 does not mediate longevity. a Survival of heterozygous ppp-1 mutants
compared to WT control animals. b Survival of WT animals and ppp-1 mutants upon RNAi treatment targeting ppp-1
or control luciferase (representative data from n=2 independent experiments). c Thermotolerance assays of day 1 WT
animals and ppp-1 mutants upon ppp-1 RNAi treatment (representative data from n=2 independent experiments with
≥30 worms each).

casual loss-of-function alleles, since the activity of ppp-1 was required for the observed phen-
otypes. Consequently, we hypothesised that gain-of-function mutations in ppp-1 might lead
to an increased activity of the full eIF2B complex. Enhanced eIF2B activity would increase
eIF2 function and hence counter the effects of eIF2α-phosphorylation and general ISR activ-
ity (Fig. 8). While eIF2α-phosphorylation levels were not changed in ppp-1 animals during
un-stressed conditions (Fig. 14), we now aimed to closely investigate the ISR upon stress con-
ditions. While the active ISR inhibits mRNA translation globally, a small sub-set of mRNAs
is translationally de-repressed upon ISR activity through special uORF mechanisms (see
chapter 1.2.3). Therefore, we used translational activation of the uORF-controlled gene atf-4
as canonical ISR activity readout. We induced ER stress using dithiothreitol (DTT), which
disturbs protein structures by reducing disulfide bonds, and tunicamycin (TM), which inhibits
N-linked glycosylation-mediated protein maturation. For quantification of atf-4 translation,
we used an atf-4 ::GFP reporter strain crossed to the ppp-1 mutants. In accordance with our
previous results regarding eIF2α-phosphorylation (Fig. 14), under non-stressed conditions,
no changes in atf-4 ::GFP signals could be detected between wildtype and ppp-1 animals by
microscopy (Fig. 18a) and Western blotting using anti-GFP antibody (Fig. 18b). Strikingly,
while in wildtype atf-4 ::GFP reporter lines DTT treatment led to a substantial increase in
GFP signal, this response was significantly blunted in the ppp-1 animals (Fig. 18a and b).
These results could be independently confirmed using TM at varying doses. Interestingly,
atf-4 ::GFP levels reached a plateau at high TM concentrations, suggesting that the ISR
reached an activity maximum. Independent of TM doses, the ppp-1 mutants down-regulated
atf-4 ::GFP signals significantly (Fig. 18c and d). We conclude from these data that specific
mutations in ppp-1 inhibit the ISR during stress.

To test if ISR activity is similarly blunted in long-lived strains carrying the eIF2 kinase
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Figure 18: Mutations in ppp-1 and in eIF2 kinases reduce ISR activity. a Representative fluorescence images
of day 1 WT animals and ppp-1 mutants in the atf-4P::GFP::unc-54 3’UTR background, incubated without (control)
or with 5 mM DTT for 2 h. Scale bar is 75 µm, n=3 independent experiments. b Representative Western blot of day 1
WT animals and ppp-1 mutants in the atf-4P::GFP::unc-54 3’UTR reporter background treated with 5 mM DTT for
2 h, using anti-GFP and anti-α-tubulin antibodies. GFP levels were normalized to α-tubulin (error bars represent means
±SEM, one-way ANOVA Tukey’s post hoc test, ***p<0.001 versus WT(-DTT) and #p<0.05 versus WT(+DTT); n=6
independent experiments). c Fluorescence images of day 1 WT animals and ppp-1 mutants in the atf-4P::GFP::unc-
54 3’UTR reporter background. Worms were treated with DMSO only (control) or with the indicated tunicamycin
(TM) concentrations (10, 50, or 100 µg/mL) for 6 h each (scale bar 75 µm; representative data from n=3 independent
experiments with ≥7 animals each). d Quantification of GFP intensity in (c). Error bars represent means ±SD, two-way
ANOVA Dunnett’s post hoc test with ***p<0.001 versus WT (n=3 independent experiments with ≥7 animals each). e
Representative Western blot and quantification of day 1 worms of indicated genotypes detecting phospho-eIF2α (Ser51)
and α-tubulin. Levels of phospho-eIF2α were normalized to α-tubulin (error bars represent means ±SEM, one-way
ANOVA Dunnett’s post hoc test, *p<0.05 and **p<0.01 versus WT control; n=5 independent experiments).
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alleles gcn-2(wrm4) and pek-1(wrm7), we analysed eIF2α-phosphorylation levels as direct
output of the kinase activity. Since C. elegans has only the two eIF2 kinases GCN-2 and PEK-
1, we aimed to isolate the gcn-2(wrm4) and pek-1(wrm7) alleles from the respective other
kinase. We therefore used the full knock-out mutants gcn-2(ok871) and pek-1(ok275) and
generated the following double-mutants: The gcn-2(wrm4); pek-1(ok275) strain has only the
remaining GCN-2 activity and displays a strong reduction in baseline eIF2α-phosphorylation
compared to wildtype worms and the pek-1(ok275) strain (Fig. 18e). Vice versa, this is true
for the pek-1(wrm7); gcn-1(ok275) double mutant. This strain has only the remaining kinase
activity of PEK-1 and shows a down-regulation of eIF2α-phosphorylation compared to the
wildtype and gcn-2(ok871) strains (Fig. 18e). Together, these results show that the gcn-
2(wrm4) and pek-1(wrm7) alleles reduce the respective kinase function and therefore inhibit
the ISR. Collectively, these data demonstrate that by analysing the forward longevity screen
we identified different longevity genes that lead to a reduction in ISR activity.

2.2.5 Inhibiting the ISR does not alter UPRER or IIS pathways

The ISR is part of the conserved UPRER, the general reaction of cells to ER stress, which
regulates a transcriptional reprogramming of the cell by IRE-1/IRE1 cleavage, ATF-6/ATF6
translocation and via the ISR by PEK-1/PERK activation (Hetz et al., 2020). We therefore
hypothesised that the ppp-1 allele-mediated ISR regulation results in a compensatory change
in the signalling of other UPRER branches. We measured the states of the constitutive
and inducible UPRER by analysing the expression of UPRER target genes without and with
application of TM stress, respectively (Shen et al., 2005). We did not observe changes of
UPR target gene expression in ppp-1 animals compared to wildtype worms (Fig. 19a and b).

We next asked if ppp-1 mutants show alterations in the insulin signalling pathway. We as-
sessed heat-induced dauer formation without detecting changes compared to wildtype worms,
while daf-2(e1370) control animals constitutively formed dauer larvae under the same con-
ditions (Fig. 19c). Furthermore, we measured the expression levels of daf-16/FOXO target
genes dod-8 and sod-3. While in daf-2(e1370) mutants with reduced insulin receptor function
dod-8 and sod-3 levels were elevated, in daf-16(mu86) deletion mutants the respective target
gene levels were low. However, in ppp-1 animals, no changes could be detected compared
to wildtype controls (Fig. 19d), showing that the ppp-1 mutations specifically affect the ISR
without altering the UPR or insulin signalling pathways.

2.2.6 Pharmacological ISR inhibition promotes lifespan extension

To verify the results of genetic ISR inhibition causing longevity, we hypothesised that C. eleg-
ans lifespan could be extended by pharmacologically reducing ISR activity. We re-analysed
a set of compounds that were described as UPRER modulators in worms before (Halliday
et al., 2017). We used the atf-4::GFP reporter line upon tunicamycin stress and could valid-
ate estradiol valerate as ISR inhibiting compound, while propafenone hydrochloride elevated
atf-4::GFP levels (Fig. 20a). ISRIB, a well described ISR inhibitor of the mammalian ISR,
did neither affect atf-4::GFP levels (Fig. 20a), nor lifespan in C. elegans (Fig. 20b; Sidrauski
et al. (2015); Sekine et al. (2015)). In accordance with our genetic ISR inhibition models,
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Figure 19: Inhibiting the ISR through ppp-1 mutations does not activate UPR or IIS pathways. a
mRNA levels of indicated UPR genes measured by RNA sequencing in un-stressed WT and ppp-1 animals depicted as
fragments per kilo base per million mapped reads (FPKM; n=4 independent experiments). b Relative mRNA levels
of indicated UPR genes measured by qPCR in WT animals and ppp- mutants. Day 1 animals were treated with 1 %
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animals (n=3 independent experiments with ≥30 animals each). d Relative mRNA levels of indicated daf-16/FOXO
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Figure 20: Estradiol Valerate inhibits the ISR and extends lifespan. a Fluorescence images of atf-
4P::GFP::unc-54 3’UTR reporter animals grown on NGM plates supplemented with 10 µg/mL tunicamycin (TM) and
with the indicated compounds (20 µM) or 1 % DMSO vehicle control (Est Val=estradiol valerate, Propa=propafenone
hydrochloride, Aza=azadirachtin). Scale bar is 75 µm, n=1. b Survival of WT worms grown on NGM plates supple-
mented with 1 % DMSO or 20 µM ISRIB (n=2 independent experiments). c Survival of WT worms treated with 1 %
DMSO (control) or 20 µM estradiol valerate from day 1 (D1), day 5 (D5), or day 10 (D10) (representative data from n=2
independent experiments). d Representative Western blot of day 1 worms treated with 1 % DMSO (control) or 20 µM
estradiol valerate. Worms were incubated without (-) or with 5 mM DTT (+) for 2 h. Levels of phospho-eIF2α (Ser51)
were normalized to α tubulin (error bars represent means ±SEM, one-way ANOVA Dunnett’s post hoc test, **p<0.01
DTT versus DMSO; ns=not significant versus DMSO; n=7 independent experiments). e Survival of ppp-1 mutants and
WT controls treated with 1 % DMSO (control) or 20 µM estradiol valerate from day 1 of adulthood (representative data
from n=2 independent experiments). f Puromycin incorporation followed by Western blot analysis using antibodies
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(error bars represent means ±SEM, unpaired two-tailed t-test; n=3 independent experiments; no significant changes
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experiments). h Survival of WT worms grown on NGM plates supplemented with 1 % DMSO or 20 µM propafenone
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estradiol valerate significantly extended lifespan in wildtype worms (Fig. 20c). Surprisingly,
longevity was not only caused when the treatment was initiated at day one of adulthood, but
also when started at day five or ten (Fig. 20c). These results suggest that pharmacological
inhibition of the ISR is sufficient for lifespan extension and an effective treatment can be
initiated late in life. To validate that estradiol valerate acts through the ISR, we measured
eIF2α phosphorylation levels. Upon DTT stress, untreated worms showed a strong induction
of phosphorylated eIF2α levels, whereas estradiol valerate treatment blunted this induction
(Fig. 20d). Also, estradiol valerate treatment and ppp-1 mutations did not show additive ef-
fects regarding worm lifespan, further supporting a role of estradiol valerate in ISR regulation
(Fig. 20e). At the same time, other estradiol derivatives do not affect the ISR, suggesting
specificity of the estradiol valerate mode of action (Halliday et al., 2017). In accordance with
the ppp-1 phenotypes, estradiol valerate treatment did not affect overall protein synthesis
levels (Fig. 20f). Upon RNAi mediated knockdown of kin-35, estradiol valerate did not cause
an extension of lifespan, while worms grown on luciferase control RNAi conditions still were
long-lived (Fig. 20g). These results are in further congruence with the ppp-1 phenotypes
and confirm the role of kin-35 in longevity through reduced ISR activity. In contrast to
the lifespan-extending prospects of ISR inhibition, when growing wildtype animals on the
ISR activating compound propafenone hydrochloride, their lifespan is shortened compared
to a control treatment (Fig. 20h). All together, these results show that pharmacological ISR
inhibition led to longevity in the worm, while ISR activation was detrimental.

2.2.7 Full genetic ISR inhibition promotes lifespan extension

To mechanistically validate our hypothesis that ISR inhibition causes longevity, we engin-
eered an eIF2αS51A mutant worm strain [Y37E3.10a(syb1385 )] with full ablation of eIF2α

phosphorylation (Fig. 21a). Homozygous animals were viable with unchanged pharyngeal
pumping rates, generation time and brood sizes compared to wildtype worms (Fig. 21b, c
and d). Since phosphorylation of eIF2α is required for PEK-1 signalling during the ER
stress response, we hypothesised that eIF2αS51A mutants would be hypersensitive to ER
stress. Therefore, we tested the development of eIF2αS51A worms on TM. With increasing
TM doses, the mutants were hypersensitive to the treatment compared to wildtype worms
(Fig. 21e), highlighting the role of a functional ISR upon stress conditions during develop-
ment specifically. Strikingly, if grown in absence of stress, the lifespan of eIF2αS51A worms
was extended compared to wildtype animals (Fig. 21f), demonstrating that full genetic ISR
inhibition causes longevity in C. elegans. We hypothesised, that the longevity might come
in a trade-off with hypersensitivity to chronic stress during adulthood. To test this, we as-
sessed survival on TM starting the treatment post-developmentally at day 1 of adulthood.
Expectedly, wildtype animals showed a reduced lifespan upon TM compared to DMSO con-
trol treatment. Also the eIF2αS51A worms depicted a reduced lifespan on TM compared to
DMSO control conditions. To our surprise, on TM the eIF2αS51A lifespan was not shorter
than the wildtype one (Fig. 21g). Hence, we conclude that genetic ISR ablation does not
lead to hypersensitivity to ER stress in adult eIF2αS51A animals. To further assess simil-
arities between eIF2αS51A and ppp-1 animals, we analysed heat shock survival on day 1 of
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Figure 21: (Caption next page.)
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Figure 21: Direct ISR inhibition through phospho-defective eIF2αS51A mutations mimicks ppp-1 muta-
tions and extends lifespan (Previous page). a Western blot of day 1 WT animals and eIF2αS51A mutants
using anti-phospho eIF2α (Ser51) and anti-α-tubulin antibodies. b Pharyngeal pumping rates of day 1 WT animals
and eIF2αS51A mutants (error bars represent means ±SD; n=1 with ≥15 animals per genotype). c Generation time
of WT animals and eIF2αS51A mutants (error bars represent means ±SD; n=1 with ≥15 animals per genotype). d
Brood size of WT and eIF2αS51A animals (error bars represent means ±SD; n=1 with ≥15 animals per genotype). e
Developmental tunicamycin (TM) resistance assay of WT animals and eIF2αS51A mutants treated with tunicamycin
at the indicated concentrations (error bars represent means ±SEM, two-way ANOVA Sidak’s post hoc test, ***p<0.001
versus WT at respective tunicamycin concentration; n=4 independent experiments with ≥20 animals each). f Survival
of eIF2αS51A mutants compared to WT control animals (Representative data from n=4 independent experiments). g
Survival of WT animals and eIF2αS51A mutants treated with 1 % DMSO (vehicle control) or 20 µg/mL tunicamycin
(TM) from day 1 of adulthood (n=2 independent experiments). h Thermotolerance assays of eIF2αS51A mutants com-
pared to WT animals (error bars represent means ±SD, two-way ANOVA Sidak’s post hoc test with ***p<0.001 versus
WT controls; n=4 independent experiments with 50 animals each). i Puromycin incorporation followed by Western blot
analysis using antibodies detecting puromycin and histone H3 in day 1 WT animals and eIF2αS51A mutants (error bars
represent means ±SEM, unpaired two-tailed t-test; n=3 independent experiments; no significant changes were detected).
j Polysome profiling and quantification of day 1 WT worms and eIF2αS51A mutants (error bars represent means +SD,
two-way ANOVA Dunnett’s post hoc test; n=4 independent experiments, no significant changes were detected).

adulthood. Mimicking the ppp-1 mutants, eIF2αS51A worms were resistant to heat stress
(Fig. 21h). Despite the crucial role of eIF2α in translation initiation, the animals showed
no changes in overall protein synthesis and translation rates compared to wildtype worms as
measured by puromycin incorporation (Fig. 21i) and polysome profiling (Fig. 21j). Interest-
ingly, RNAi-mediated kin-35 knockdown showed that the lifespan extension of eIF2αS51A
worms was partially dependent on kin-35 (Fig. 22a), phenocopying ppp-1 animals. To mech-
anistically pinpoint the mode of action of longevity in eIF2αS51A worms, we investigated the
genetic interaction between ppp-1/eIF2Bγ and eIF2α. Upon RNAi-mediated ppp-1 silencing,
the longevity of the eIF2αS51A mutants was fully abolished (Fig. 22b). We conclude that
eIF2αS51A mediated longevity is dependent on ppp-1/eIF2Bγ function and that eIF2B is a
general mediator of longevity in the context of ISR inhibition through genetic and pharma-
cological interventions.

Since pharmacological ISR activation shortened wildtype lifespan (Fig. 20h), we lastly
aimed to test the effect of genetic ISR activation on C. elegans health and lifespan. Using
the CRISPR/Cas9 technology, we generated an eIF2αS51D mutant [Y37E3.10a(syb1567 )],
in which a constitutive eIF2α phosphorylation is mimicked. Surprisingly, homozygous anim-
als were not viable, so the worms were maintained in a heterozygous state using the genetic
ht2 balancer. The heterozygous eIF2αS51D/+ worms showed slow generation time and
low brood size phenotypes compared to wildtype animals (Fig. 22c and d). In consistence
with the shortened worm lifespan on the ISR activating compound propafenone hydrochlor-
ide (Fig. 20h), genetic ISR activation in heterozygous eIF2αS51D/+ animals reduced their
lifespan (Fig. 22e).

Summarising, by performing and extensively analysing a forward longevity screen in C. el-
egans, we could identify modulators of eIF2 function as novel longevity genes in the worm.
The respective mutants from the screen showed an extended lifespan and increased resistance
to protein toxicity, without having reduced overall protein synthesis. Instead, the mutants
had reduced ISR activity. Strikingly, both pharmacological and direct genetic ISR inhibition
could be linked to the described phenotypes depending on eIF2B function, while ISR activa-
tion was detrimental in the worm. Furthermore, selective translation of kin-35 was required
for the lifespan extension mediated by ISR inhibition. Overall, we found that fine tuning of
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eIF2 function causes longevity in C. elegans.

2.3 Development of a novel RiboTag tool to investigate tissue-specific
translation

We could not detect changes in overall protein production but found significant differences
in the selective translation of specific mRNAs in the ppp-1/eIF2Bγ mutants. However, these
analyses were performed on a whole body level and hence draw a very global picture of trans-
lation in the animals (Fig. 13). We speculate that the effects of genetic and pharmacological
eIF2 modulation on translation as seen in the ppp-1 mutants might occur selectively or with
higher prevalence in defined tissues as compared to others.

To analyse the translatome from in vitro and in vivo model systems, powerful methods have
been developed before and were adapted for this study, including SUnSET, 35S-methionine
incorporation, and polysome profiling and sequencing (Schmidt et al., 2009; Hansen et al.,
2007; Großhans and Ding, 2009). However, analysing the translatome tissue-specifically was
not achieved using these techniques. In small model organisms such as C. elegans, studying
mRNA translation from different tissue-types is complicated by the presence of neighbouring
tissues and cells during the tissue isolation processes. We hence aimed to develop a worm
model for tissue-specific affinity purification of ribosomes. Ribosomal proteins therefore are
tagged end expressed endogenously or in defined tissues. During a co-immuno-precipitation
(co-IP), fully assembled ribosomes including associated mRNAs can be purified from the
tagged ribosomal protein. Subsequent sequencing of the co-purified mRNA can provide in-
formation of the cell type-specific translatome (King and Gerber, 2016). Initial ribosome
tagging (RiboTag) techniques were established in mice using tagged Ribosomal Protein of
the Large subunit (RPL) 20a (Heiman et al., 2008) or RPL22 (Sanz et al., 2009), gener-
ated with the well-characterized Cre/LoxP system. The approach was adapted to Drosophila
melanogaster (Thomas et al., 2012; Desplan et al., 2017) and C. elegans (Gracida et al.,
2017; Gracida and Calarco, 2017; Rhoades et al., 2019; McLachlan and Flavell, 2019). All
current C. elegans RiboTag models were designed using extrachromosomal arrays to tissue-
specifically express tagged ribosomal subunits (Gracida and Calarco, 2017; Rhoades et al.,
2019; McLachlan and Flavell, 2019). While being a standard worm technique for generating
transgenic lines, the use of extrachromosomal arrays can lead to a variability in copy num-
ber and mosaicism in gene expression. Furthermore, the stable integration of the transgene

60S LRS
RPL-22

3xFLAG-tag

40S SRS

mRNA

Figure 23: FLAG-tagging a ribosome. Model of an assembled ribosome with associated mRNA embedded between
the 40S small ribosomal subunit and the 60S large ribosomal subunit, schematically depicting FLAG-tagged RPL-22 at
the ribosomal surface.
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into the genome is not a targeted process and the genetic locus of integration cannot be
controlled. For these reasons, we decided to generate the first C. elegans RiboTag toolkit
using the CRISPR/Cas9 technology with controlled expression of a tagged ribosomal protein
sufficient for co-IPs from defined tissues. We therefore expressed an N-terminal FLAG tagged
version of the conserved 60S ribosomal subunit protein RPL-22 in C. elegans by making use
of the CRISPR/Cas9 based Single-copy Knock-In LOci for Defined Gene Expression (SKI
LODGE) system (Fig. 23; Silva-Garcia et al. (2019)). The final aim was the generation and
full characterisation of tissue-specific RiboTag lines for all major worm tissues to enable their
use for the whole C. elegans community. Here I show the proof-of-principle results for a con-
trol worm line carrying a FLAG tag at the genomic RPL-22 locus and the first tissue-specific
RiboTag worm expressing tagged RPL-22 in neurons exclusively.

2.3.1 Characterisation of endogenous FLAG::RPL-22 RiboTag worms

RPL22 was used for co-IPs in the initial RiboTag mice and its C. elegans ortholog RPL-22
was tagged before in the extrachromosomal RiboTag worms (Sanz et al., 2009; Rhoades et al.,
2019). We hence decided to place a 3xFLAG epitope tag at the N-terminus of C. elegans RPL-
22 as general concept for the CRISPR/Cas9 generated RiboTag worms (Fig. 23). With our
RiboTag lines, we aimed to investigate small changes in tissue-specific translation between
different genetic worm lines or during pharmacological treatments. We hence pursued a
stringent systematic characterisation of FLAG-tagged RPL-22 worms. First, we intended to
analyse the effect of the tag on ribosome assembly and mRNA translation under wildtype
conditions, as well as its incorporation into actively translating ribosomes. Therefore, we
generated an endogenous 3xFLAG::RPL22 (FLAGRPL-22) knock-in strain rpl-22(wbm58) at
the genomic RPL-22 locus using the standard CRISPR/Cas9 technology.

We first analysed the fitness of rpl-22(wbm58) animals and did not detect any changes
in their health- and lifespan, generation time, and brood size compared to wildtype worms
(Fig. 24a, b and c). To analyse the canonical mRNA translation process in worms endo-
genously expressing FLAGRPL-22, we performed polysome profiling after separation on a
sucrose gradient (Fig. 24d). Comparing rpl-22(wbm58) and wildtype animals, no differences
in ribosomal distribution could be detected (Fig. 24e). To demonstrate the incorporation of
FLAGRPL-22 into actively translating ribosomes, we extracted the proteins from respective
sucrose gradient fractions of the polysome profiling experiments and performed Western blot
analyses using antibodies binding to the FLAG epitope. The corresponding FLAG signal
could be detected in the fractions of the 60S large ribosomal subunit and in polysomal frac-
tions (Fig. 24e). First, these results show that animals expressing FLAGRPL-22 are healthy
and display a functional translation machinery. Second, our data prove that FLAGRPL-22 is
incorporated in translating ribosomes in the 80S monosome and polysome states.

We next investigated if the tag on RPL-22 influences mRNA association to ribosomes. We
therefore compared the mRNAs actively translated in wildtype and rpl-22(wbm58) worms.
We performed RNA sequencing of ribosome-associated mRNAs extracted from polysome
profiling fractions. For the planned co-IP experiments from RiboTag worms, we expected to
co-immuno-purify assembled monosomes and polysomes using FLAGRPL-22, but also unas-
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Figure 24: Adding an N-terminal FLAG tag to RPL-22 does not impact worm health or overall mRNA
translation. a Survival of endogenously FLAG-tagged rpl-22(wbm58) animals compared to WT controls. b Generation
time of WT animals and rpl-22(wbm58) mutants (error bars represent means ±SD; n=1 with ≥15 animals per genotype).
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process. e Polysome profiling of day 1 WT and rpl-22(wbm58) animals. Western blot of extracted proteins from
respective polysome profiling fractions from rpl-22(wbm58) worms as indicated in the figure. Anti-FLAG antibodies
were used. f and g RNA sequencing was performed of RNA captured from pooled 60S, 80S, monosomal and polysomal
profiling fractions and normalised to total RNA from WT and rpl-22(wbm58) worms. f PCA using log2(ratios) of RNA
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sembled 60S large ribosomal subunits might be pulled down. For the RNA sequencing after
polysome profiling, we therefore selected all corresponding polysome profiling fractions from
the 60S subunit to polysomal peaks and pooled them before performing RNA extraction and
sequencing. To assess translational efficiency of specific mRNAs, we compared the expres-
sion values of ribosome-associated mRNAs normalised to respective total mRNA levels of the
wildtype and rpl-22(wbm58) animals. We performed a principle component (PC) analysis
to test for sample similarity. The samples of the two worm lines could not be separated by
either of the PCs, indicating a highly similar translatome between the two strains (Fig. 24f).
The majority of actively translated mRNAs could be identified in both sample sets and the
commonly detected mRNAs in wildtype and rpl-22(wbm58) worms showed similar expression
values (Fig. 24g; Spearman correlation coefficient of 0,764). We conclude that the translatome
of rpl-22(wbm58) worms cannot be distinguished from the wildtype translatome regarding
transcript identities and respective translation quantity.

2.3.2 Immuno-precipitation of functional ribosomes from endogenous RiboTag worms

The heart of the RiboTag protocol is the pulldown of fully assembled ribosomes including
associated mRNAs using FLAGRPL-22 (Fig. 25a). We aimed to use the endogenously tagged
FLAGRPL-22 from the rpl-22(wbm58) worms to perform initial proof-of-principle RiboTag co-
IP experiments. Therefore, rpl-22(wbm58) samples were homogenised and protein G-coated
magnetic beads covered with FLAG-antibodies were used to immuno-absorb ribosomes. After
the co-IP, protein or RNA were extracted from the samples (see methods chapter 5.2.8).
To validate the successful co-IP of ribosomes, we performed Western blot analyses on the
purified co-IP eluate. FLAGRPL-22 could be detected by anti-FLAG antibodies in the elution
fractions of rpl-22(wbm58) samples, while being absent in wildtype controls (Fig. 25b). To
assess whether the co-IP strategy was sufficient to immuno-precipitate assembled ribosomes,
we performed Western blotting using antibodies detecting ribosomal protein S6 (RPS-6), a
protein of the untagged small ribosomal subunit. RPS-6 was detected along the FLAGRPL-
22 pattern in the elution fraction of rpl-22(wbm58) samples, while the signal was absent
in wildtype elution fractions (Fig. 25b). This suggests the successful purification of intact
ribosomes from FLAGRPL-22 worms.

The final aim of the co-IPs from RiboTag worms was the purification of actively trans-
lated mRNAs for RNA sequencing or qPCR analyses. We hence extracted the RNA from
co-IP elution fractions of wildtype and rpl-22(wbm58) animals. First, we measured RNA
quality by analysing ribosomal RNA (rRNA) fractions in the samples. Ribosomes contain
different rRNA species of specific lengths in the small and large ribosomal subunits. Us-
ing the Agilent 2100 bioanalyzer TapeStation, we could detect the respective 18S and 28S
rRNA species after FLAGRPL-22 co-IP in samples of rpl-22(wbm58) animals (Fig. 25c). The
RNA integrity number equivalent (RINe) obtained from TapeStation experiments measures
RNA quality according to the gradual shift towards shorter fragment sizes during degrada-
tion. RINe values range from 1 (very degraded) to 10 (fully intact). The high RINe of RNA
obtained from the RiboTag co-IP of rpl-22(wbm58) worms further shows that this method
is suitable to pull down RNA of high quality from assembled ribosomes (Fig. 25c). We

58



RNA Isolation

RNA Sequencing

FLAG IP

Lysis

a
In

pu
t

IP
 E

lu

Wildtype rpl-22(wbm58)

FLAG::RPL-22
Bait antibody light chain

In
pu

t

IP
 E

lu
RPS-6

20 -

25 -

25 -

kDa

b

nt
6000-
4000-

2000-

1000-

500-

200-

25-

rp
l-2
2(
wb
m
58
)

La
dd

er

c

Ɣ

ƔƔ

í��� í�� 0 50 100

í�
�
í�
�
í�
�

0
20

40
60

PC1 (45.8%)

P
C

2 
(2

2.
7%

)

Ɣ Pol. Prof.
co-IP

d e

í� 0 5

í�
0

5

log2(mean(Pol. Prof.))

lo
g2

(m
ea

n(
co

-IP
))

Spearman Correlation
0.301

Figure 25: RiboTag co-IP from endogenously FLAG-tagged rpl-22(wbm58) animals and analysis of eluted
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detected in both polysome profiling and RiboTag IP samples of rpl-22(wbm58) animals.
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wanted to compare the RiboTag co-IP method with existing strategies assessing the C. eleg-
ans translatome. Therefore, we analysed the mRNAs of rpl-22(wbm58) animals purified from
the FLAG antibody-based co-IP method next to mRNAs of the same worm strain captured
by polysome profiling after separation on a sucrose gradient. We found differences not only
in the identity of transcripts but also in transcript quantities (Fig. 25d, e). These results
might arise due to variations in sample handling, since both methods require separate buffers
and use different homogenisation techniques. Taken together, both methods shed lights on
partially distinct pools of translated mRNAs. Further analyses will need to be performed to
investigate these variances. Collectively, our results show that FLAGRPL-22 can be used for
the co-IP of assembled ribosomes along with associated RNA of high quality. We conclude
that the RiboTag method can enable the comparison of differently translated mRNAs e.g. in
independent worm strains, potentially also in tissue-specific RiboTag models.

2.3.3 Design and generation of tissue-specific RiboTag worm strains

To generate the novel tissue-specific RiboTag worm lines, we used the C. elegans SKI LODGE
system based on the CRISPR/Cas9 technology (Silva-Garcia et al., 2019). Here, a single copy
of the desired DNA edit can be inserted into defined engineered loci that are controlled by
well-characterised tissue-specific promoters. To prevent the interference with endogenous
gene expression, the SKI LODGE cassettes were inserted to intergenic regions. The cassettes
include a trans-spliced wrmScarlet fluorophore which verifies the tissue specific SKI LODGE
expression. The final genomic constructs of the tissue-specific RiboTag strains follow the
initial FLAGRPL-22 design of the endogenously tagged rpl-22(wbm58) line. The respective
tissue-specific SKI-LODGE constructs hence consist of a tissue-specific promoter followed
by sequences for an N-terminal 3xFLAG tag, full-length rpl-22 cDNA, a spliced leader (SL)
RNA coupled with a wrmScarlet fluorophore and a rab-3 or unc-54 3’UTR, depending on the
cassette (Fig. 26a). We so far generated and fully characterised the NeuroRiboTag line (strain
WBM1340), expressing FLAGRPL-22 exclusively in neuronal tissues (Fig. 26b). Further work
is planned to insert rpl-22 into other SKI LODGE lines, enabling specific expression of
FLAGRPL-22 in somatic, muscle or intestinal tissues (Fig. 26b). Our goal is to generate a

Tissue-specific promoter 3X FLAG rpl-22 cDNA sequence SL2::wrmScarlet 3‘ UTR

Strain Allele Description           Expression   Chr
Endogenous FLAG tag at rpl-22 genomic locus:
WBM1344 wbm58 3xFLAG::rpl-22           Endogenous  II

SKI LODGE knock-in alleles:
WBM1340 wbmIs99 rab-3p::3xFLAG::rpl-22::SL2::wrmScarlet::rab-3 3‘UTR        Neurons        IV

WBM1364 wbmIs119 eft-3p::3xFLAG::rpl-22::SL2::wrmScarlet::unc-54 3‘UTR       Soma         V

WBM1339 wbmIs118 myo-3p::3xFLAG::rpl-22::SL2::wrmScarlet::unc-54 3‘UTR    Muscle          I

WBM1458 wbmIs131 nep-17p::3XFLAG::rpl-22::SL2::wrmScarlet::unc-54 3‘UTR   Intestine       V

Endog. rpl-22 promoter 3X FLAG endog. rpl-22 sequence endog. rpl-22 3‘ UTR

b

a

Figure 26: Design of endogenously and tissue-specifically tagged FLAGRPL-22 RiboTag worms. a Schem-
atic overview of the genetic RiboTag constructs. b Detailed overview of all RiboTag worm lines that are already
generated and characterised (WBM1344, WBM1340) or planned for publication (WBM1364, WBM1339, WBM1458).
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library of tissue-specific RiboTag worm strains with defined gene expression in a clean genetic
background generated by the SKI LODGE system including full functional characterisations.

2.3.4 The NeuroRiboTag enables analysis of the neuronal translatome

To analyse the translatome of neuronal tissues from C. elegans, we used the SKI LODGE sys-
tem to generate the worm strain WBM1340 with the genotype wbmIs99 [rab-3p::3XFLAG::rpl-
22 ::SL2::wrmScarlet::rab-3 3’UTR] IV, hereafter referred to as NeuroRiboTag worms. These
animals express FLAGRPL-22 in a SKI LODGE cassette under the control of the rab-3 pro-
moter and 3’UTR. rab-3 is the worm ortholog of human ras-related proteins in brain (RAB)
3A and 3C and is expressed particularly in the nervous system. In analogy to the full charac-
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Figure 27: Neuron-specific expression of FLAGRPL-22 does not impact worm health or overall translation
and is sufficient for RiboTag co-IPs. a Survival of NeuroRiboTag animals compared to WT controls. b Generation
time of WT animals and NeuroRiboTag mutants (error bars represent means ±SD; n=1 with ≥15 animals per genotype).
c Brood size of WT and NeuroRiboTag animals as total number of viable progeny per individual parental worm (error
bars represent means ±SD; n=1 with ≥15 animals per genotype). d Polysome profiling of day 1 WT and NeuroRiboTag
animals. Western blot of extracted proteins from respective polysome profiling fractions from NeuroRiboTag worms as
indicated in the figure, using anti-FLAG antibodies. e Western blot of day 1 WT animals and NeuroRiboTag mutants
after RiboTag co-IP using anti-FLAG and anti-RPS-6 antibodies. Shown are co-IP input and elution (elu) fractions. f
On-chip electrophoresis of eluted RNA from RiboTag co-IP of NeuroRiboTag animals including calculated RINe. See
Tab. 8 in appendix for survival statistics.
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terisation of the endogenously FLAGRPL-22 expressing rpl-22(wbm58) worms, we performed
a broad analysis of general health of the NeuroRiboTag worms. Comparing NeuroRiboTag
with wildtype animals, no significant changes were observed regarding health- and lifespan,
generation time, and brood size (Fig. 27a, b, c). Next, polysome profiles of NeuroRiboTag
worms and wildtype controls did not show any differences in ribosomal distribution, indicat-
ing that there is no effect of the neuronal RiboTag on overall mRNA translation (Fig. 27d).
We further extracted proteins from fractions of the polysome profiling experiment and per-
formed Western blot analyses. Using anti-FLAG antibodies, FLAGRPL-22 could be detected
in the 60S, monosomal and polysomal fractions (Fig. 27d). This verified the incorporation
of FLAG-tagged RPL-22 expressed from the neuron-specific SKI LODGE locus into act-
ively translating ribosomes. We then tested whether performing a co-IP from NeuroRiboTag
worms was sufficient to immuno-precipitate assembled ribosomes in adequate amounts and
quality for further experiments. We performed Western blot analyses of the elution fraction
after co-IP and detected neuronal FLAGRPL-22 and untagged RPS-6 using the respective an-
tibodies (Fig. 27e). We further purified RNA from co-IP elution fractions of NeuroRiboTag
worms. In TapeStation analyses we obtained 28S and 18S rRNA bands with a high RINe
value indicating sufficient RNA quality and integrity for further experiments (Fig. 27f).

To get a global picture of the mRNAs captured by the NeuroRiboTag co-IP, we performed
RNA sequencing and set out different comparisons. We first compared RNA sequencing
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terms).
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results from co-IPs of NeuroRiboTag animals with those of the endogenous RiboTag line
rpl-22(wbm58). For each strain, the RiboTag IP RNA samples were normalised to total
input RNA. Subsequently, the results for the endogenous and neuronal RiboTag strains were
compared. As expected, the results of both sample sets differ regarding transcript identities
and quantities (Fig. 28a, b). The shift in the scatter plot towards a higher log2 ratio on the
y-axis shows that most of the mRNAs found in both sample sets were detected with a higher
abundance in the NeuroRiboTag samples (Fig. 28b). We next directly compared total RNA
levels from IP input fractions to RNA from co-IP elution fractions from NeuroRiboTag worms
only. In other words, we used RNA from the same NeuroRiboTag strain and analysed (1)
whole-animal RNA before the IP and (2) pulled down RNA after the IP. We calculated fold
changes for genes with detectable expression and tested the top 5 % of changed mRNAs in the
IP fraction for an enrichment of C. elegans anatomical terms, using the Tissue Enrichment
Analysis (TEA) tool (Angeles-Albores et al., 2016). The genes corresponding to the highest
fold-change values for the neuronal RiboTag IP RNA were significantly enriched for neuronal
tissues. Of 49 significant tissue categories, 46 were neuron-specific (Fig. 28c, only the 15 most
significant terms are depicted, full dataset see Tab. 5 in appendix). Using the top down-
regulated genes for the same analysis, only one out of 23 significant terms corresponded
to a neuronal cell class (BAG). Instead, many terms corresponding to the germ line were
significantly enriched. In addition, the terms epithelial and muscular system were significantly
enriched in the down-regulated genes comparing RNA sequencing data from NeuroRiboTag
IPs to NeuroRiboTag total RNA (Fig. 28d, only the 15 most significant terms are depicted,
full dataset see Tab. 6 in appendix). These data show that a co-IP from NeuroRiboTag worms
purifies actively translated mRNAs specifically from neurons, one of the least abundant tissues
in the worm. Collectively, we could show that the optimised RiboTag worms developed in
this study enable the analysis of tissue-specific mRNA translation.

In follow-up studies, first, we aim to deeply characterise further tissue-specific RiboTag lines
enabling us to also investigate translation in the soma, muscle or intestine on a transcript-
specific level. Second, using the generated RiboTag toolbox, we will analyse the tissue-specific
translatomes of worms with an inhibited ISR to gain further insights into the interplay of ISR
regulation, selective translation and longevity. Together, this work will enable us to further
analyse the process of mRNA translation during healthy ageing and longevity.
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3 Discussion

In this study, we analysed a forward genetic screen for novel regulators of ageing and longevity.
This work was distributed into three sequential sub-projects. First, from the forward longevity
screen we identified over 100 worm lines with an extended lifespan of 18 % and more and
sequenced their whole genomes. We built a pipeline to analyse the corresponding results in
depth, leading to the identification of novel alleles of known longevity genes in a variety of
pathways described before to extend lifespan, thereby validating our approach.

Second, by using this pipeline we identified mutations clustering in genes affecting the
translation initiation key-factor eIF2 to be causative for longevity. These mutations were
inhibiting the ISR without reducing overall protein synthesis rates. In this context, we found
the selective translation of kin-35 as required factor for the observed longevity. In sum,
we could show that genetic and pharmacological ISR inhibition were causing longevity in
C. elegans without generally reducing translation rates. We therefore found a novel, non-
canonical role of the ISR and translation initiation pathways in longevity.

Third, we hypothesised that the selective translation observed upon the ISR inhibitory
conditions in ppp-1 mutants might be more pronounced in defined tissues. However, we did
not have an optimal tool at hand that would enable the analysis of tissue-specific translation.
We therefore worked in collaboration with the laboratory of Assoc. Prof. William Mair
(Harvard T.H. Chan School of Public Health) to generate, validate and deeply characterise
RiboTag worms, enabling the co-IP of fully assembled ribosomes and associated mRNAs
from selected tissues. Ultimately, we aim to use this toolbox in the context of ISR inhibitory
conditions to study tissue-specific translation.

3.1 The unbiased forward genetic longevity screen - success and boundaries

The successful performance of previous genetic screens for extended lifespan inspired us to
set out a large-scale mutagenesis screen for increased survival in C. elegans (Klass, 1983; Lee
et al., 2003; Hamilton et al., 2005; Hansen et al., 2005; Denzel et al., 2014). In contrast to
previously performed genetic screens for longevity, this was the first fully unbiased longevity
screen using random chemical mutagenesis combined with whole genome sequencing. This
enabled not only an amino acid resolution, but also the identification of gain-of-function
mutations next to loss-of-function ones in both essential and non-essential genes. The here
performed forward genetic screen, its validation and analysis will be discussed in the following
sections.

3.1.1 Success: Identification of alleles of old and new longevity genes

Previously performed RNAi-based screens for longevity in C. elegans led to the conclusion
that most major longevity pathways activated by gene knockdown were already discovered
(Lee et al., 2003; Hamilton et al., 2005; Hansen et al., 2005). Hence, our aim was to identify
and analyse unknown longevity pathways, specifically focussing on the effect of gain-of-
function mutations which have not been analysed in this context before. As opposed to
the earlier phenotype- and RNAi-based screens, in this work the focus shifted towards an
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advanced sequencing analysis. The large amount of induced mutations complicated the ana-
lysis and identification of phenotype-causing variants. Possible ways to ease the analysis of
such data lie within the backcrossing of a mutant line to the wildtype strain while preserving
the phenotype (Schneeberger, 2014). This idea was captured in the outcrossing of single
long-lived worm lines from the screen. This approach reduced the background EMS SNPs by
87 % (see chapter 2.1.2). We concluded that in this particular strain, SNPs in the non-coding
DNA were causing the longevity.

The most stringent way to identify causative mutations directly from sequencing data of
forward genetic screens is the analysis of allelism by finding multiple alleles of the same gene
in independent mutants with the same phenotype (Sarin et al., 2008; Denzel et al., 2014;
Allmeroth et al., 2020). Previous forward genetic screens for longevity in C. elegans used
this strategy, but were more targeted for example towards processes related to the protein
quality control pathways: Genes modulating ageing through ER protein homeostasis could
be identified using proxy phenotypes after EMS mutagenesis such as tunicamycin resistance.
Together with the requirement of allelism for candidate causative mutations, in this particular
screen candidate genes could be prioritised according to their potential function within the
phenotype (Denzel et al., 2014). While this procedure can be complicated by looking at a
very multifaceted phenotype such as longevity alone, using these strategies we were successful
in identifying not only new alleles in known longevity genes but also in novel ones such as
ppp-1/eIF2Bγ.

Next to the identification of genes associated to the insulin signalling pathway and chemo-
sensation using the allelism strategy, we further found a mutation in iftb-1, the β subunit
of eIF2, causative for longevity. The iftb-1 variant caused a reduction in overall translation
rates. Perturbations in translation have been connected to lifespan extension before in a vari-
ety of studies and model organisms (Hansen et al., 2007; Syntichaki et al., 2007; Tohyama
et al., 2008; Pan et al., 2007; Essers et al., 2016; Karunadharma et al., 2015). In one of
the initial studies connecting reduced translation with longevity, RNAi-mediated knockdown
of iftb-1 was found to reduce protein production and therefore extended lifespan (Hansen
et al., 2007). This is in accordance with the effects we see in the long-lived point mutant
worm strain iftb-1(wrm53). In sum, these results further validated the screening approach to
identify several major longevity-associated pathways.

3.1.2 Boundaries: EMS mutations in the non-coding DNA

While successfully identifying novel longevity variants, our candidate longevity gene selection
from the forward genetic screen was focussed on a collection of mutations within the coding
sequences of all known C. elegans genes. Accordingly, longevity-causing mutations in regu-
latory sequences were disregarded. However, the preliminary experiments of backcrossing the
long-lived strain MSD211 from the screen to wildtype animals and the corresponding results
presented in chapter 2.1.2 indicated that, at least for this specific strain, the lifespan causing
mutations reside within the non-coding fraction of the genome.

Cis-regulatory elements such as promoters and enhancers are located in the non-coding
DNA and can modulate expression of genes in three-dimensional structures in distances of
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up to hundreds of kilobases. Trans-acting factors regulate gene expression by interaction
with cis-regulating elements, the regulated genes or their products and comprise for example
non-coding RNAs. In the context of disease- and tissue-specific gene expression regulation,
SNPs in regulatory elements have been identified to be causative for specific phenotypes in
a variety of contexts (Coppola et al., 2016). An intronic SNP associated with melanocyte
pigmentation was shown to modulate the enhancer activity of the distant gene IRF4 by
directly stabilising a corresponding chromatin loop structure (Visser et al., 2015). A SNP in
the intronic region of the longevity-associated transcription factor FOXO3 could be shown
to provide a novel HSF-1 binding site, leading to induced FOXO3 expression upon stress
conditions (Grossi et al., 2018). In sum, not only mutations in the coding sequence but also
in other DNA elements can be considered as longevity variants.

One of the major advances of the screen performed in this study over previous RNAi
screens is the variant coverage of the whole genome over the CDS only. Therefore, as of now,
the limitations of this screen are within the analysis, that focussed on the identification of
longevity-causing gain-of-function mutations in the CDS and not on mutations in the non-
coding sequences. Together, the analysis of this screen shows that assigning mutations in
regulatory elements to downstream phenotypic effects from forward genetic screens remains
difficult, but at the same time outlines an intriguing possibility to identify novel longevity reg-
ulators. Thus, in-depth analysis of the SNPs in the non-coding sequence will be fundamental
in the future.

3.2 Lifespan extension through ISR inhibition - a non-canonical longevity
mechanism

By analysing the forward longevity screen, we discovered not only mutations for example
in iftb-1/eIF2β, reducing translation and therefore prolonging life. Strikingly, we further
identified a novel class of longevity genes, which affect translation initiation and ISR activ-
ity without generally reducing translation rates. Genetically dominant mutations in ppp-
1/eIF2Bγ extended lifespan while partially inhibiting the ISR and selectively changing mRNA
translation of specific transcripts such as kin-35. In addition, pharmacological ISR inhibition
and a full impairment of the ISR in phospho-defective eIF2 worms carrying an S51A mutation
caused an extension of lifespan. In all cases, the longevity was dependent on kin-35 expres-
sion without a reduction of overall protein synthesis (Fig. 29). Both ppp-1 and eIF2αS51A
mutant strains further showed an improved resistance in response to toxic stresses, contrib-
uting to improved cellular and organismal health. In sum, our data show that ISR inhibition
drives longevity and increased protein homeostasis in C. elegans dependent on the translation
of kin-35.

3.2.1 Lessons from yeast (1): Gcn(-) mutations and eIF2B

The translation initiation process and the ISR have been intensely studied in yeast, lead-
ing to deep mechanistic insights of eIF2 modulation via its kinases and its guanine nucle-
otide exchange factor eIF2B, as well as the downstream consequences (Hinnebusch, 2005).
In yeast, the ISR axis sensing amino acid starvation via Gcn2 is termed general control
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Figure 29: Lifespan extension through ISR inhibition. In C. elegans, a partial or full inhibition of the ISR is
mediated through phospho-dead eIF2, a knock-down of the eIF2 kinases, mutations in the γ subunit of eIF2B or estradiol
valerate treatment. Likewise, worms with an inhibited ISR are long-lived in dependence of the selective translation of
kin-35.

pathway, where activation leads to the de-repression and therefore enhanced translation of
gcn4/atf-4 (Hinnebusch, 1988). In this context, mutants which are generally unable to activ-
ate uORF-regulated translation of gcn4/atf-4 upon stress were classified as general control
non-derepressible, in short Gcn(-). Typical Gcn(-) mutations therefore generally diminish
the stress-induced translation of genes regulated by uORF structures, such as atf-4, and
hence inhibit the ISR (Hinnebusch, 2005). We classified the ppp-1/eIF2Bγ alleles as Gcn(-)
mutations, since they blunted the ER-stress induced expression of GFP under the uORF
controlled promoter of atf-4 (see Fig. 18). Therefore, they belong to the Gcn(-) class of
mutations in the classical sense, as in these mutants atf-4 is non-derepressible upon stress.
Further, we assigned variants that reduce eIF2α phosphorylation levels, and thus inhibit the
ISR, to the class of Gcn(-) mutations. ISR inhibition was observed in the worm lines with
partial loss-of-function mutations in gcn-2 and pek-1 or the eIF2αS51A animals analysed in
this study. Conveniently, in yeast, variants of different subunits of eIF2B have been described
as Gcn(-) mutations before (Vazquez de Aldana and Hinnebusch, 1994). For example, muta-
tions in eIF2Bβ and eIF2Bγ were reported to prevent the inactivation of the eIF2B complex
by phosphorylated eIF2 (Vazquez de Aldana and Hinnebusch, 1994; Dev et al., 2010; Kashi-
wagi et al., 2019). As a consequence, one of the major regulatory mechanisms of the ISR, the
inhibition of eIF2B by phosphorylated eIF2α, is lost in these mutants. We speculate that the
mutations we found in ppp-1/eIF2Bγ might similarly render the eIF2B complex insensitive
to the inhibition by phosphorylated eIF2 and consequently show a reduced ISR activity.

3.2.2 Lessons from yeast (2): Gcn(-) mutations and eIF2B bodies

Focussing on a more cell biological level, recent research on specific non-membrane-bound
cellular compartments opened up further research directions regarding the interplay of ISR
and translation initiation with eIF2B. Granules containing mRNAs stalled in translation
initation, so-called messenger ribonucleoproteins (mRNPs), are known as dynamic mRNA
storage compartments in a variety of cellular contexts (Protter and Parker, 2016). Exemplary,
well-studied stress granules form from mRNAs stalled in translation, keeping them on hold.
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So called P bodies more specifically contain mRNAs targeted for degradation. Still, mRNPs
from both stress granules and P bodies can go back to an active translation state (Protter
and Parker, 2016). Another highly specific non-membrane-bound cellular compartment that
is gaining attention recently is the eIF2B body. eIF2B bodies were shown to be a site of
eIF2B and eIF2 co-localisation in yeast and human cells. They might constitute a specific
cellular locus where eIF2B GEF activity occurs. Therefore, eIF2B bodies might represent
a specialised site of translational control (Campbell et al., 2005; Taylor et al., 2010). More
recently, it could be shown in cells that, during stress, phosphorylated eIF2α localises to
eIF2B bodies with a subsequent decrease of eIF2 shuttling, which could be rescued by ISR
inhibiting drugs such as ISRIB (Hodgson et al., 2019; Norris et al., 2020). Interestingly, in
yeast, different ISR inhibitory Gcn(-) class mutations in the α-subunit of eIF2B were shown
to affect eIF2B body formation up to their complete loss. By the disappearance of eIF2B
bodies and hence the cellular site of phospho-eIF2α interaction with eIF2B, the ISR-mediated
translational control during stress might get lost in Gcn(-) mutants (Norris et al., 2020). In
addition, mutations that were shown to decrease eIF2B GEF activity disrupt eIF2B bodies
(Norris et al., 2020), suggesting that only fully intact eIF2B decamers form eIF2B bodies.
These data are in line with another study using cryo-electronmicroscopy (cryo-EM) in yeast
to show that the polymerisation of intact eIF2B decamers results in eIF2B body formation
(Nüske et al., 2020). However, Hodgson et al. (2019) showed that eIF2B bodies can differ
in their content: they reported that larger eIF2B bodies contain all eIF2B subunits, while
smaller ones predominantly contain the catalytic subunits. The authors further showed that
phosphorylated eIF2α mainly associates with large eIF2B bodies. These data indicate a more
diverse role of eIF2B bodies during stress conditions (Hodgson et al., 2019). In sum, these
results indicate a role of cellular eIF2B localisation in the regulation of translation initiation.
It would be interesting to analyse our novel Gcn(-) class mutations in ppp-1/eIF2Bγ in regard
to a potential impact on eIF2B body formation - a potential future perspective that is further
discussed in the respective section of this thesis (see chapter 4.2.1).

3.2.3 A new mode: Tuning translation can lead to longevity

The processes of translation initiation and the ISR are tightly connected. We found a shift in
the translatome of ppp-1 mutants and could identify a role of selectively translated kin-35 in
the longevity of worms with reduced ISR activity (see Fig. 16). We further investigated the
role of kin-35 in C. elegans longevity and found that kin-35 over-expression was not sufficient
to extend worm lifespan. However, over-expression of other key factors that are required
for lifespan extension is also not sufficient to induce longevity. One example is the FOXO
worm ortholog daf-16. While daf-2/IGF1R-mediated longevity fully depends on daf-16, the
over-expression of daf-16 only causes a mild lifespan extension not comparable with the daf-
2 -mediated phenotype (Henderson and Johnson, 2001). Because it carries a putative protein
kinase domain, we termed the identified mRNA, which was previously named M04F3.3, now
kin-35. Its closest human and mouse orthologs are other kinases such as tau tubulin kinases,
vaccinia related kinases and members of the protein kinase family CK1α. However, the
percentages of matching sequences are low and do not meet the requirements for high-quality
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orthologs (see supplementary Tab. 7). Therefore, kin-35 is considered an undefined gene
without biochemical evidence for its function or putative targets. Within the translationally
changed mRNAs identified in the ppp-1 animals, a GO term analysis showed an enrichment of
genes related to phosphorylation functions. Nevertheless, we cannot conclude that a specific
kinase activity of kin-35 is responsible for the observed longevity phenotypes. Comprehensive
biochemical and genetic analyses are needed to understand the downstream effects of kin-35,
that go beyond the scope of this work.

The role of kin-35 in our genetic and pharmacological models of ISR inhibition proved the
connection between selective translation and longevity. Based on our results, we conclude that
the translational switch and not the down-regulated ISR per se is responsible for the observed
longevity phenotypes. That the variability of protein quantities is only partially reflected
by fluctuations in mRNA expression was shown in several model organisms, including data
suggesting that cellular protein levels are predominantly controlled translationally (de Godoy
et al., 2008; Schwanhausser et al., 2011). The lifespan extension driven by Gcn(-) mutations
being dependent on the selective translation of kin-35 is an example of the role of post-
transcriptional regulation in the context of ageing and longevity. However, how selective
translation of kin-35 is regulated in the Gcn(-) mutants remains unknown. Possible regulators
of translation lie within cis-regulatory elements such as enhancers or promoters and trans-
regulatory ones, for example microRNAs. Specific UTR characteristics were shown to affect
translational efficiency of mRNAs such as RBP- and miRNA binding motifs, length, free-
folding energy and GC-content (Rollins et al., 2019; Rogers et al., 2011; Zid et al., 2009).
Thus, to better understand the regulation of selective translation, a deep characterisation of
the 5’-UTRs of differentially translated mRNAs during different Gcn(-) conditions remains
to be performed. In line with our data, the regulation of ageing at the translational level has
been described before: long-lived daf-2/IGF1 mutant worms show changes on the translatome
level (McColl et al., 2010). Further, in the context of synergistically mediated longevity in
daf-2/IGF1; rsks-1/S6K double mutant worms, the selective translational repression of cyc-
2.1 was identified as key mediator of longevity (Lan et al., 2019). However, the translational
efficiency of cyc-2.1 was not altered in ppp-1 mutants, supporting an independent mechanism.
Moreover, in C. elegans it was shown that dietary restriction (DR) induces the translational
regulation of specific subsets of genes involved in DR-mediated longevity (Rollins et al.,
2019). It would be interesting to compare these genes to the transcripts displaying changed
translational efficiency in ppp-1 mutants in the future. While the mechanism behind the
selective translation in ppp-1 mutants remains unknown, we conclude that in Gcn(-) mutants,
a translational switch is required for the observed lifespan extension.

3.2.4 Integrating the ISR (1): Ageing and disease

Data from this work suggest that ISR activity increases during ageing in C. elegans. Here, the
ISR status was monitored through phosphorylated eIF2α from whole worm lysates. While
we could not detect changes in eIF2α phosphorylation between wildtype and ppp-1 mutant
animals during ageing, phospho-eIF2α levels were consistently increased in old animals com-
pared to young ones. These data stand in contradiction with published studies. Multiple
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data indicate a decrease of ISR activity with ageing on the one hand. For example, the
levels of eIF2α phosphorylation and ATF4 were reported to be decreased in the aged cerebral
cortex of mice (Naidoo et al., 2008) and a variety of further tissues in aged rats (Hussain and
Ramaiah, 2007). On the other hand, next to the data presented in this work, an increase
of ISR activation during ageing was reported in the following studies: ISR activating GCN2
phosphorylation levels and ATF4 protein amounts were shown to be increased in brain lys-
ates of old mice (Krukowski et al., 2020). Further, a study in the fruit fly showed elevated
phospho-eIF2α levels with ageing (Brown et al., 2014). These data are in line with the report
of reduced overall translation during ageing in C. elegans (Kirstein-Miles et al., 2013), which
could be mediated by an increased ISR activity. In sum, the role of age-dependent changes in
the ISR remains controversial. From the existing data, we speculate that ISR activity during
ageing is regulated context-dependently, possibly in a tissue-specific manner.

In line with the conflicting data on ISR regulation during ageing, the ISR has been proven to
play context-dependent roles in different age-associated diseases, often affecting the nervous
system. The pharmacological activation of the ISR was shown to be protective in a Hunt-
ington mouse model by transiently lowering mRNA translation with a subsequent improve-
ment of protein homeostasis (Krzyzosiak et al., 2018). Further, ISR activation has been
described as protective in mouse models of Parkinson’s disease and amyotrophic lateral scler-
osis through the inhibition of eIF2α de-phosphatases (Colla et al., 2012; Jiang et al., 2014).
However, also increased eIF2α levels were described in several diseases and in these contexts,
the down-regulation of the ISR was shown to be beneficial. An upregulated ISR activation in
pancreatic β-cells has been correlated with diabetes (Cnop et al., 2017). Further, an activ-
ated ISR was associated with neurodegenerative disorders. Elevated eIF2a phosphorylation
levels were described in the brains of Alzheimer’s disease patients (Ma et al., 2013). In mouse
models of traumatic brain injury, down syndrome and prion disease, persistently high levels
of eIF2 phosphorylation were detected (Chou et al., 2017; Jun Zhu et al., 2019; Halliday et al.,
2015). In addition, mutations in genes directly associated with the ISR cause neurological
disorders. In the genetic leukoencephalopathy Vanishing White Matter Disease (VWM), de-
leterious mutations in eIF2B cause a destabilisation of its complex formation and hence a
down-regulation of eIF2B function, leading to myelin loss (van der Knaap et al., 2002; Li
et al., 2004). In sum, these data undermine the role of the ISR in ageing and age-associated
diseases.

The treatment of pathological conditions associated with an increased ISR can be achieved
by the inhibition of eIF2α phosphorylation or by interfering with eIF2B function and inhib-
ition. In a variety of neuronal disorders, the rescue of increased eIF2 phosphorylation leads
to neuroprotection including the reversal of cognitive and long-term memory deficits (Chou
et al., 2017; Jun Zhu et al., 2019; Halliday et al., 2015). In Alzheimer’s disease mice, ISR
down-regulation by genetic deletion of GCN2 and PERK prevented aberrant translation, low
synaptic plasticity and memory defects. These results rendered the eIF2 kinases as poten-
tial therapeutic targets in the treatment of Alzheimer’s disease (Ma et al., 2013). A similar
reversal of disease-associated phenotypes could be observed during the knockout of PKR in
Down syndrome mice (Jun Zhu et al., 2019). Further, direct genetic inhibition of the ISR
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Figure 30: The biochemical mechanism behind ISRIB. ISRIB binds eIF2B in a deep binding pocket and counters
the inhibiting effect of phospho-eIF2 on eIF2B through an allosteric structural rearrangement. Figure adapted from
Zyryanova et al. (2020).

in heterozygous eIF2αS51A mice enhanced synaptic plasticity and memory in young 2- to
4-month-old mice compared to wildtype animals (Costa-Mattioli et al., 2007). Strikingly,
directly inhibiting the ISR is possible using compounds such as ISRIB (ISR Inhibitor). This
drug-like small molecule was described to reverse cognitive defects associated with traumatic
brain injury and conferred neuroprotection in prion disease mouse models (Chou et al., 2017;
Halliday et al., 2015). In lung adenocarcinomas, induced ATF4 levels could be blocked by
the use of ISRIB (Albert et al., 2019). Further, in VWM cells, ISR inhibition using ISRIB
rescued the activity of the mutant eIF2B complex (Wong et al., 2018). In line with the pheno-
types of heterozygous eIF2αS51A mice, treatment with ISRIB further increased learning and
long-term memory in young healthy mice (Costa-Mattioli et al., 2007; Sidrauski et al., 2013).
Moreover, acute ISRIB treatment in old mice (19 months of age) was shown to reverse the
decline in memory during ageing by resetting the ISR in the brain, causing an improvement of
neuronal function towards the phenotypes of young mice of 3-6 months of age. Additionally,
general age-related inflammation processes in the brain of old mice were shown to be reduced
upon ISRIB administration (Krukowski et al., 2020). Overall, these data suggest the ISR as
druggable target in health and disease.

ISRIB targets eIF2B and enhances its function by promoting eIF2B assembly and stabil-
ising its decameric complex (Fig. 30; Sidrauski et al. (2015); Sekine et al. (2015)). In more
detail, ISRIB acts as molecular staple by bridging eIF2B core oligomeric structures in a deep
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binding pocket. Therefore, ISRIB counters the effect of eIF2α phosphorylation which inhibits
eIF2B (Costa-Mattioli and Walter, 2020; Zyryanova et al., 2020; Schoof et al., 2021). The
data on positive systemic effects of ISRIB mediated eIF2B activation in a variety of contexts
converge with the enhanced survival and protein homeostasis observed in the ppp-1/eIF2Bγ

mutants we assigned to the Gcn(-) class. The biochemical mechanism of ISRIB and its cel-
lular consequences further strengthen the hypothesis that the ppp-1 point mutations cause a
gain-of-function effect in eIF2B. Earlier, we hypothesised that the identified ppp-1 variants
might diminish the inhibition of eIF2B by phosphorylated eIF2. In light of the ISRIB mech-
anism of action, an enhanced eIF2B complex stability through mutations in ppp-1 would
be another possible explanation for the observed phenotypes. In total, these data suggest a
complex role of aberrant ISR activity in age-associated diseases that depends highly on the
context. Further, they show that eIF2B gain-of-function mechanisms can overcome some of
the disease-associated effects caused by an activated ISR.

3.2.5 Integrating the ISR (2): Longevity

Our data suggest that, next to the ppp-1 variants, inhibitory amino acid substitutions in the
worm eIF2 kinases GCN-2 and PEK-1 reduce ISR activity and extend lifespan. This stands
in contradiction with published data showing that the knockout of these kinases via RNAi or
deletion mutations does not cause longevity in the worm (Baker et al., 2012; Henis-Korenblit
et al., 2010). Taken together, these results suggest that the kinases might have additional
targets other than eIF2 or that they act in larger protein complexes. These functions could
be affected by larger deletions or RNAi-mediated gene knockdown while being preserved
in the point mutants analysed in this study. Indeed, it was reported that yeast Gcn2 has
further targets including eIF2B and Gcn20. These physiologically relevant factors fine-tune
translational control upon ISR activation (Dokladal et al., 2021). Futher, in different model
organisms, yeast Gcn2 and mammalian GCN2 were reported to associate with additional
proteins such as eEF1A and the ribosomal P-stalk, a complex that is part of the ribosomal
GTPase-associated centre (Visweswaraiah et al., 2011; Inglis et al., 2019; Harding et al.,
2019).

Although many studies show a connection between ISR deregulation and age-associated
diseases (see chapter 3.2.4), the role of the ISR in longevity is still unclear. It has not formally
been tested yet how a direct modulation of the ISR affects survival in higher organisms. Most
studies connecting the ISR and longevity focussed on the role of ATF4. In yeast, the ATF4
homolog Gcn4 was shown to play a crucial role in longevity mechanisms related to down-
regulated translation and dietary restriction (Steffen et al., 2008). This suggests a beneficial
role of the activated ISR for longevity. Following this path, the activation of Gcn2 extended
yeast lifespan in a Gcn4/ATF4-dependent manner. Moreover, the Gcn4/ATF4-mediated
longevity relied on functional autophagy, making it a downstream target of active Gcn2 to
extend lifespan (Hu et al., 2018). The relationship of ISR activation and longevity has further
been investigated in mice. Liver-specific elevation of ATF4 could be observed in mice upon
several interventions that extended their life (Li et al., 2014). Further, over-expression of a
mammalian ATF4 target gene, FGF21, caused longevity in mice (Salminen et al., 2017). In
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contrast to these findings, our data support a model in which partial or full ISR inhibition
via Gcn(-) mutations causes lifespan extension in C. elegans. In addition, we showed that
the longevity and increased protein homeostasis in Gcn(-) mutants is mediated by specific
changes in the translatome. Our data also demonstrated, that in C. elegans, the ISR is
clearly required to cope with acute stress, specifically during development. We conclude that
while the activation of ATF4 extends lifespan and increases robustness mainly in conditions
of reduced protein synthesis, we identified an independent, novel class of longevity mutations
inhibiting the ISR without suppression of overall protein production. We show that lifespan
extension by ISR inhibition is dependent on selective mRNA translation through a mechanism
fully independent of ISR activation or ATF4 expression. In the future, investigation of this
translational switch in mice will help to understand the role of ISR inhibition in mammalian
longevity.

3.3 The RiboTag model - on the importance of studying tissue-specific
translation

The consequences of translation initiation and ISR modulation in ageing, age-related diseases
and longevity are still under investigation and many research directions point towards context-
and tissue-specific effects (see chapters 3.2.4 and 3.2.5). Maintenance of translation in neurons
was shown to be beneficial during ageing-associated diseases in mice caused by an over-
active ISR. For example restoring protein synthesis rates in the brain of prion-diseased mice
using ISRIB prevented neurodegeneration (Halliday et al., 2015). Therefore, investigating the
effects of tissue-specific translation and its regulation is essential for understanding principal
cellular processes during ageing. In detail, studying the here described Gcn(-) mutations
with the relating selected translatome changes in a tissue-specific context would be of great
interest. While we analysed mRNA translation extensively on the organismal level, tissue-
specific changes in the translatome were not examined in Gcn(-) mutants yet. Given the
large impact of eIF2B activation through ISRIB administration in the context of neuronal
processes and neurodegenerative diseases (see chapter 3.2.4), we speculate that the Gcn(-)
mutations identified in C. elegans might cause substantial effects on the level of neuronal
translation.

Across diverge species, RiboTag models are used to investigate the tissue-specific regu-
lation of mRNA translation in different physiological conditions. Most notably are studies
on differences in the translatome of neuronal cell types (Heiman et al., 2008; Gracida et al.,
2017; Koterniak et al., 2020). The RiboTag method is of specific importance in the C. elegans
field. The worm is generally considered as an easy-to-handle post-mitotic model organism
in the fields of genetics and biochemistry. However, tissue- and cell-type-specific studies are
complicated by the physiology of the animal and worm dissociation is rarely reported due to
its size (Hench et al., 2011; Zhang et al., 2011). Through the combination of a specialised
worm disruption method with fluorescence-activated cell sorting, the neuronal transcriptome
of C. elegans was studied for the first time by Kaletsky et al. in 2015. The results revealed
neuron-specific changes of gene expression in insulin signalling mutants and demonstrate the
crucial role of tissue-specific phenotype regulators in the context of longevity (Kaletsky et al.,
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2015). In this regard, the tissue-specific RiboTag worms provide suitable models to study
the translatomes of distinct tissues. The RiboTag methodology is using standard lab tech-
niques such as worm homogenisation followed by co-IPs, making it very robust. Next to
RiboTag mice (Heiman et al., 2008; Sanz et al., 2009), similar models have been developed in
C. elegans recently. Tagging the ribosomal protein RPL-1 with enhanced green fluorescent
protein (eGFP) enabled the tissue-specific analysis of actively translated mRNA from the
nervous system, body-wall muscle, intestine and dopaminergic and serotonergic neurons each
(Gracida et al., 2017; Gracida and Calarco, 2017). In a similar model, an HA-tag was added
to RPL-22 and expressed specifically in serotonergic neurons (McLachlan and Flavell, 2019;
Rhoades et al., 2019). In this work, we generated an optimised C. elegans RiboTag model.

3.3.1 RiboTag worms: Development, characterisation and goals

The C. elegans RiboTag model developed here was designed using the CRISPR/Cas9-based
SKI-LODGE system (Silva-Garcia et al., 2019). The generated worms express FLAGRPL-
22 from the genomic rpl-22 locus or in a tissue-specific manner from different SKI-LODGE
cassettes. To ensure that the FLAG tag does not generally interfere with mRNA translation,
we used the control endogenous RiboTag line to characterise the effect of FLAGRPL-22 on
translation and worm health in depth. We successfully co-immunoprecipitated assembled
ribosomes and associated mRNAs not only from the endogenous RiboTag worms but also from
the neuron-specific RiboTag line. Using the NeuroRiboTag worms, we proved the successful
tissue-specific isolation of ribosome-associated mRNAs through RNA sequencing after RNA
elution from a FLAG co-IP. To my knowledge, comparable deep characterisations of previous
RiboTag worm lines have not been published yet.

While our RiboTag model compliments the existing C. elegans RiboTag lines (Gracida
and Calarco, 2017; McLachlan and Flavell, 2019), we feel it provides important optimisations
and advantages, specifically for studying the nervous system. In both previous approaches,
the tagged ribosomal subunits were expressed via extrachromosomal arrays. These genetic
constructs are not directly integrated to the worm genome but have a semi-stable form (Chen
et al., 2016; Kadandale et al., 2009; Zanin et al., 2011). Using DNA mutagens, they can be
randomly integrated to the genome, making it hard to predict copy numbers and locus-
dependent effects on local gene expression (Hutter, 2012). In contrast, the CRISPR/Cas9-
based SKI-LODGE system used here generates precise genome edits by homology directed
repair. The so-generated transgenes are expressed under pre-defined tissue-specific promoters
at known loci in a single copy (Silva-Garcia et al., 2019). Therefore, this system provides
a clean genetic background. To minimise effects on ribosome functionality, our RiboTag
model uses a 3xFLAG epitope, which is substantially smaller than eGFP. While here RPL-
22 is not fluorescently tagged itself, transgene expression can be followed by the fluorescent
wrmScarlet, that is included in the design of all tissue-specific SKI-LODGE lines. Further,
we could decrease the needed number of worms for the successful isolation of pan-neuronally
translated mRNA from the NeuroRiboTag system from 150 000 worms (Gracida et al., 2017;
McLachlan and Flavell, 2019) to 30 000 worms, leading to a drastic reduction in consumables
needed in the co-IP. Lastly, the SKI-LODGE cassette-driven neuronal expression of FLAGRPL-
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22 is under the control of the rab-3 3’UTR, preventing leaky expression in the intestine that
is common to other expression cassettes in C. elegans.

Existing RiboTag worm models have helped to successfully discover tissue-specific dif-
ferences in alternative splicing (Koterniak et al., 2020), as well as translational alterations
in serotonergic neurosecretory motor neurons, leading to the identification of novel sensory
mechanisms for food sensing and stress-induced feeding (Rhoades et al., 2019; Gracida et al.,
2017). These data demonstrate that tissue-specific RiboTag worms are a suitable model to
study mRNA translation in diverse genetic backgrounds, during physiological manipulations
and pharmacological treatments. In this work, we provide an optimised, clean neuronal Ri-
boTag model that was characterised in depth for the C. elegans community. Similar strains
will be designed and extensively tested for other tissues such as the soma, muscle and in-
testine. We are looking forward to use the so generated RiboTag lines to investigate the role
of tissue-specific translation in the context of ageing and longevity in general and of Gcn(-)
mutants specifically.

4 Future perspectives

As discussed in the previous section, the work of this thesis opens up several important ques-
tions and possibilities for follow up studies. This final section describes the future perspectives
of the three main parts of my work.

4.1 The future of this and other forward longevity screens

4.1.1 Improving the strategy that identified ppp-1 as novel longevity gene

As discussed previously, we were able to identify SNPs in the coding region of C. elegans
genes to extend lifespan from the forward longevity screen. We used a stringent strategy for
candidate gene identification from the pooled sequencing data of all long-lived EMS mutants.
This approach found ppp-1 mutations to be causative for longevity. However, many can-
didate genes remain to be un-analysed and the causative mutations for lifespan extension in
several EMS-mutagenised worm lines stay unresolved. Hence, testing more potential longev-
ity variants from the high confidence candidate list from the forward longevity screen would
be of interest. The adaptation of CRISPR/Cas9-mediated gene editing in C. elegans was a
game changer for the whole worm community and its efficiency is constantly being improved
(Paix et al., 2014, 2017). While in our experience this system does work to generate specific
SNPs in the worm by injection of all required components to the worm gonad, the success
rate and time spent to receive the DNA change of interest highly differed between each edit in
our hands. To generate defined SNPs using the CRISPR/Cas system, a repair template car-
rying the desired edit has to be inserted to the genome via homology directed repair (HDR).
Efficient repair template design was analysed in depth to ensure precise HDR in C. elegans
(Farboud et al., 2019). From these studies, repair template design should be further adapted
to ensure highly efficient genome editing rates for our purposes. In addition to the originally
identified endonuclease Cas9 derived from Streptococcus pyogenes for the use of targeted gene
editing (Jinek et al., 2012), the nuclease Cas12a from Acidaminococcus sp. can also be used
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within the CRISPR/Cas system. Compared to Cas9, it uses a different, thymine-rich target
site sequence (protospacer-adjacent motif (PAM)). Hence, the use of Cas12a might increase
the number of potential editing sites which were not accessible previously or only with a low
editing efficiency. This might be of benefit particularly in adenine/thymine-rich organisms
such as C. elegans (Zetsche et al., 2015; Consortium, 1998). Improving the CRISPR/Cas-
mediated gene editing success rate by adapting the insights described above would be of
great help to systematically replicate more potential longevity variants within a wildtype
background.

Next to an increase in speed and efficiency of gene editing via the CRISPR/Cas system,
another future direction might be to improve the strategy of candidate longevity gene iden-
tification. In their pipeline for the analysis of mutant genome sequences, Minevich et al.
(2012) suggest to analyse forward genetic screen data with regard to certain classes of genes.
Using lists comprising for example transcription factors or genes involved in transgene spli-
cing, all genes on our high confidence candidate list could be analysed for an enrichment in
such classes (Minevich et al., 2012). Using only genes that showed allelism might overcome
the fact that the forward longevity screen originally aimed at a saturation of EMS SNPs
in all existing C. elegans genes. This generally makes similar analyses, network approaches
and multiple factor analyses for the identification of causal variants complicated. In sum,
improving the strategy that was successfully used to identify ppp-1 as novel longevity gene
might ease the identification of further novel longevity variants within the coding sequence
of the EMS mutagenised worms.

4.1.2 Improving the identification of longevity-causing SNPs by outcrossing

Are more targeted approaches successful to identify novel longevity variants from the forward
genetic screen? To find the causative SNP from the analysis of separate mutagenised worm
lines, we outcrossed one of the most long-lived strains from the screen to a wildtype line to
reduce the background noise of EMS mutations. This strategy led to a decrease in EMS SNPs
of 87 % while preserving the longevity phenotype. However, the only variant falling into a
coding gene sequence was not causative for longevity. Since we did not get an enrichment of
remaining EMS SNPs at a specific locus or chromosome, we had no point of reference which
of the remaining 126 variants within the non-coding sequence might be causative. Because we
pooled twelve long-lived worm lines with 2 outcrossing events each for the DNA sequencing,
we did not achieve one outcrossed strain to keep working with. One option would be to repeat
this approach with more original long-lived worm strains from the forward longevity screen,
speculating that the lifespan extension of some of them is caused by a variation in a coding
gene, such as the ppp-1 mutations. To ease the downstream analysis of the phenotype-causing
variants, we could further repeat this strategy in a linear way, performing one outcrossing
event per crossing generation. Because we would need to follow the longevity phenotype in
each crossing step, this would be very time consuming, but in the end generate one long-lived
worm line with a drastically reduced amount of background mutations for further analyses.
Another possibility to ease the separation of phenotype-causing mutations from other EMS
SNPs might be the Hawaiian SNP mapping approach. The polymorphic Hawaiian C. elegans
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isolate can be distinguished from the Bristol N2 line by 100,000 SNPs (Doitsidou et al., 2010).
By backcrossing an EMS mutagenised worm line to the Hawaiian worm strain instead of our
canonical Bristol N2 wildtype worms, the strongly increased amount of marker SNPs could
enable the identification of loci associated with the causative mutation (Doitsidou et al., 2010).
Together, making adjustments in the outcrossing strategy to reduce the burden of background
EMS variants of separate long-lived worm strains might improve the investigation process of
longevity causing mutations.

4.1.3 Initiating the analysis of longevity variants in the non-coding DNA
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Figure 31: EMS SNPs from the
forward longevity screen adja-
cent to coding sequences. Of
over 30 000 EMS SNPs in 101 se-
quenced long-lived worms from the
forward longevity screen, 6085 were
mapped to the coding sequence,
while 4548 EMS SNPs were assigned
to promotor regions.

As mentioned before, we so far only analysed EMS SNPs within
the coding sequence from the sequencing data of long-lived
EMS mutant worms. Hence, there are several parts of the
non-coding DNA sequence including for example promoters,
introns and enhancers carrying EMS SNPs that we did not
look at. The outcrossing following the phenotype of longev-
ity of the strain MSD211 proved that the EMS mutagenesis
produced long-lived worm lines that contain causative variants
within the non-coding sequence. In this context, are we able to
identify longevity-causing SNPs in the non-coding DNA from
the forward longevity screen? A first step in the analysis of
SNPs outside of the CDS from the here performed forward
longevity screen could be the use of the existing WGS data to
analyse SNPs in promoter regions, which make up a substan-
tial proportion of the identified unique EMS SNPs (Fig. 31).
Additionally, SNPs within intronic regions could potentially be
analysed. Looking specifically at highly conserved elements in
introns might ease the analysis, since these often include splice-

or binding-site sequences (Kelly et al., 2015). The forward longevity screen was analysed suc-
cessfully for novel longevity variants within the CDS. This could be used as a basis for further
studies investigating the impact of SNPs in the non-coding DNA sequence on the ageing pro-
cess. To my knowledge, this has not been done from a forward longevity screen in a strategic
manner to date and hence shows considerable potential to identify novel regulatory nodes in
the ageing gene network. However, analysing SNPs for example in promoters of estimated
sizes and in large intronic sequences might lead to a reduction in specificity and potentially
many false candidate genes, making the candidate gene list impractical. A further draw-
back in analysing an EMS-based mutagenesis screen for effects on regulatory regions might
be the mutagen itself. While the SNP-induced amino acid variations often cause structural
changes in proteins, regulatory elements might be rather influenced by larger genomic alter-
ations such as deletions and inversions, as these regions have a higher tolerance for small
sequence variations as compared to the coding sequence (Moresco et al., 2013). After all, the
association of non-coding variants to phenotypic effects remains complicated and they stay
under-diagnosed, not only in the here presented screen, but also in the context of diseases
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and other complex phenotypic traits (Bronstein et al., 2020). However, the under-diagnosis
of variations in the non-coding sequence generally and in the context of longevity research
specifically provides an opportunity for novel discoveries regarding the regulation of ageing
and lifespan extension.

While the longevity screen as performed here might not be designed specifically for the iden-
tification of phenotypic SNPs within non-coding sequences, developments in screening design,
analysis strategies and software endorse the performance of a forward genetic screen for the
identification of longevity regulators in the non-coding sequence. Targeted CRISPR/Cas9
screens using multiplexed single guide RNAs have been developed and performed in cell lines
to investigate the function of specific enhancer sequences (Canver et al., 2015). Recently, also
in C. elegans targeted parallel genome editing was described by Froehlich et al. (2021). Here,
an inducible Cas9 was used in combination with multiplexed single guide RNAs to produce
many targeted small indels in enhancers or promoters in parallel. Subsequently, regulatory
genotypes could be associated with phenotypic traits in the worms (Froehlich et al., 2021).
Further, deep learning algorithms through artificial neural networks were shown to model
splicing from a genomic sequence. Such a system was able to identify cryptic splice muta-
tions in the context of genetic diseases (Jaganathan et al., 2019). The combination of targeted
CRISPR/Cas9 mutagenesis screens and enhanced analysis methods for example predicting
splicing from genomic sequence variants might lead to the identification of longevity-causative
mutations. Summarising, the analysis of SNPs in the non-coding region of the C. elegans
genome from the here performed forward longevity screen might lead to new insights in the
regulation of longevity. Further, novel technical developments in genetic screening approaches
might enable more targeted screens for the identification of causative non-coding variants in
complex phenotypes, providing a potential future direction when it comes to genetic screens
in the field of longevity research.

4.2 Open questions regarding Gcn(-) mutations, selective translation and
longevity

4.2.1 The mechanism of action behind the ppp-1 mutations

Our studies on the fine-tuning of eIF2 positively affecting C. elegans survival through Gcn(-)
mutations lead to several direct follow-up questions. While our results clearly assigned the
ppp-1/eIF2Bγ variants to the Gcn(-) class of mutations through relating phenotypes in atf-4
translation and eIF2α phosphorylation, the biochemical mode of action behind those muta-
tions remains unknown. Its identification therefore prompts one of the most urging follow-up
projects. There are two standing hypotheses that should be investigated. First, as discussed
before, previous yeast studies confirmed eIF2B as potential carrier of Gcn(-) mutations. It
was shown that mutations in eIF2Bβ and eIF2Bγ can overcome the inhibitory effect of eIF2α

phosphorylation on eIF2B and its function (Vazquez de Aldana and Hinnebusch, 1994; Dev
et al., 2010; Kashiwagi et al., 2019). Based on these data, we speculated that the muta-
tions identified in ppp-1/eIF2Bγ might have a similar effect on eIF2B function, making it
insensitive to the inhibiting association with phospho-eIF2α. Second, the small molecule
ISRIB was shown to stabilise the eIF2B complex. The so generated gain-of-function effect
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on eIF2B therefore antagonises the effect of eIF2 phosphorylation inhibiting eIF2B (Schoof
et al., 2021; Zyryanova et al., 2020). Accordingly, the mutations in ppp-1 potentially enhance
eIF2B function through a stabilisation of the complex.

To directly study the effect of ppp-1 mutations on the interaction between eIF2B and phos-
phorylated eIF2α, co-IP experiments could be performed pulling down eIF2B, subsequently
testing the amount of bound phosphorylated eIF2 or vice versa. Since in the worm field no
antibody is known to effectively detect C. elegans ppp-1, tagging the eIF2B subunit would be
necessary for this approach. Tagged eIF2B would further enable the identification of further
putative binding partners of the complex and their potential alteration in the ppp-1 mutant
form through a proteomics approach. Ultimately, structurally studying the effect of the muta-
tions in ppp-1 would be of great interest to understand the molecular mechanism and the
downstream effects of the here identified variants. The structures of yeast and human eIF2B
and eIF2-eIF2B complexes have been resolved with high resolutions and showed that differ-
ent conformation and assembly states of eIF2B regulate the ISR (Adomavicius et al., 2019;
Tsai et al., 2018; Schoof et al., 2021; Kashiwagi et al., 2019). Moreover, it was shown that
the eIF2B complex-stabilising drug ISRIB can block the binding of phospho-eIF2 to eIF2B
through an allosteric mechanism (Schoof et al., 2021; Zyryanova et al., 2020). The C. elegans
structure of eIF2B has not been analysed yet. The lifespan-extending ppp-1 mutations we
identified in C. elegans are not conserved in human or yeast. Therefore, investigating the
worm eIF2B and eIF2-eIF2B complex structures using cryo-EM is a future perspective of
this project, to perspectively study the effect of ppp-1 mutations on eIF2B and eIF2-eIF2B
complex formation.

On a more cellular perspective, I earlier discussed the role of eIF2B bodies in ISR-mediated
translational control. While eIF2B body formation has been intensely studied in yeast and
cellular cultures, to my knowledge this was not analysed in C. elegans yet. Studying the
putative role of the ppp-1 mutations in eIF2B body formation depicts a promising future
direction in understanding the mechanism of action behind the here identified mutations and
the corresponding phenotypes. It would be necessary to ask if (1) eIF2B bodies exist in the
nematode microscopically using fluorescently labelled eIF2B and (2) if the here identified
mutations in ppp-1 alter the eIF2B body formation or the shuttling of phosphorylated and
un-phosphorylated eIF2 through these bodies. Using a not-yet existing cryo-EM structure
of worm eIF2B to compare the effects of ppp-1 mutations with mutations in yeast or human
eIF2B subunits known to affect eIF2B body formation could bring further insights to this
topic. Lastly, the general role of eIF2B bodies in ageing has not yet been studied to my
knowledge. If eIF2B bodies are existent and visualisable in C. elegans, the nematode would
depict an excellent model organism to further analyse the role of eIF2B bodies in development
and ageing. Together, studying the structural and biochemical effects of the ppp-1 mutations
is of high interest to better understand the molecular mechanism behind the observed ppp-
1 phenotypes. Moreover, studying the ppp-1 mutations in a more cellular context might
increase our knowledge in eIF2B body formation and its regulation.
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4.2.2 The mechanism of selective translation in Gcn(-) mutants

Another biochemical process that opens up further research questions is the selective transla-
tion of specific mRNAs in worms carrying ppp-1 mutations. The here analysed translatome
data were acquired by polysome profiling and subsequent RNA sequencing of mRNAs asso-
ciated with polysomes, meaning highly translated mRNAs. While this approach is sufficient
to quantify the translational status of single mRNAs in different conditions, few further
conclusions can be drawn on the level of specific mRNAs and their mode of translation. As
discussed earlier, a comprehensive analysis of the 5’-UTRs of differentially translated mRNAs
would allow to unravel the role of promotors, enhancers and included specific motifs, e.g. for
RNA binding proteins, in the regulation of selective translation in ppp-1 mutants. For a
deeper analysis of the observed translational changes, further experiments should be per-
formed to better understand the factors that drive the selective translation, not only in ppp-1
mutants but potentially also in other mutant animals belonging to the Gcn(-) class such as
the eIF2αS51A worms.

Next to the here performed polysome profiling approach, the so-called ribosome footprint-
ing method can give further insights into the translation process. Here, from a sample lysate,
a nuclease digestion is degrading all mRNAs that are not protected by bound ribosomes.
Subsequent purification and deep sequencing enable the identification of precise positions of
ribosomes at specific mRNAs and the analysis of translational control at codon resolution in
a genome wide context (Ingolia et al., 2009). This method allows the monitoring of trans-
lation elongation speed and ribosome stalling at specific mRNA sites. Further, alternative
translation of specific mRNAs can be identified such as uORF translation, ORF frame selec-
tion and truncation or extension of ORF translation (Ingolia, 2016). Ribosome footprinting
has successfully been used to study translational regulation of selected mRNAs in cells dur-
ing mTOR inhibition (Olshen et al., 2013). In C. elegans, ribosome footprinting has been
adapted and was used to prove the functional role of maternal ribosomes in translation dur-
ing embryonic development (Cenik et al., 2019). In sum, performing ribosome footprinting
in long-lived Gcn(-) mutant worms would enable an in-depth analysis of the translational
status of selectively translated mRNAs that has not been reached yet. This approach has
great potential to shed light onto the mechanism of selective translation mediated by Gcn(-)
mutations generally and ppp-1 variants specifically.

Many studies using the ISR inhibitory compound ISRIB showed a specific beneficial effect
of ISR inhibition on neuronal phenotypes during ageing and disease (Halliday et al., 2015;
Krukowski et al., 2020). Further, upon a maladaptive ISR activation during disease, ISRIB
was shown to restore translation levels in the brain (Halliday et al., 2015). We therefore hypo-
thesise, that in Gcn(-) mutant worms, a translational switch in neurons specifically mediates
benefits of ISR inhibition on lifespan. Therefore, using the RiboTag worms developed in this
work to study the effects of Gcn(-) mutations on neuron-specific translation is a compelling
future perspective. Further, differential ribosomal composition was shown to play a role in
selective translation of specific mRNAs (Shi et al., 2017; Ferretti et al., 2017). It would be
compelling to analyse ribosomal heterogeneity in mutants that show changes in their trans-
latome such as the ppp-1 worms. This could be achieved by using the RiboTag animals
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to pull down ribosomes followed by the application of proteomic approaches to study their
composition. The hypothesis of specialised ribosomes is further discussed in chapter 4.3.1.
Together, a deep analysis of the translational changes in animals carrying Gcn(-) mutations
is needed to further understand the mechanism behind the observed phenotypes on ageing
and longevity.

4.2.3 What is the role of KIN-35 in ageing and longevity?

While the selectively translated putative kinase kin-35 was shown to be essential in the Gcn(-
)-driven longevity, its specific role and function to date stay unknown. To understand the
mechanism by which kin-35 mediates an extension of lifespan in the Gcn(-) context, an ex-
tensive genetic and biochemical analysis of kin-35 would be necessary. Several open questions
remain to be answered. First, as indicated by its sequence including a kinase domain, is KIN-
35 a functional kinase? Next, which are its catalytically active residues? And further, what
are potential targets and is the putative kinase function required for the ppp-1 -mediated
longevity? From the existing data we cannot finally conclude that KIN-35 acts as kinase
generally and in the context of longevity specifically. Hence, these questions remain hypo-
thetical. Potential experiments defining the future perspective regarding the role of KIN-35
in longevity include the biochemical tagging of KIN-35, enabling the analysis of its protein
levels and, in case of a fluorescent tag, its tissue-specific expression. Further, a genetic tar-
geted knockout of the putative kinase motif might shed further light on the potential kinase
function of KIN-35 and after crossing to respective mutants its effect on ppp-1 phenotypes.
More generally, the global protein phosphorylation status has been successfully analysed in
C. elegans before (Zielinska et al., 2009; Huang et al., 2018). Since the GO-term analysis of
all translationally changed genes in ppp-1 worms showed an enrichment in phosphorylation
processes, the analysis of the phosphoproteome of ppp-1 mutants might generally lead to the
identification of downstream mediators of longevity. More specifically, the analysis of poten-
tial kin-35 deletion mutants might identify putative KIN-35 target proteins and therefore
it might specify the role of KIN-35 as kinase, mediating longevity in Gcn(-) animals. The
in vitro analysis of recombinant KIN-35 would enable further strategies to analyse potential
kinase activities and active substrates, discussion of which exceeds the scope of this work
(Swinney and Haubrich, 2016). Lastly, to investigate how kin-35 is translationally enhanced
in ppp-1 animals, one could genetically modify its 5’-UTR and therefore investigate the in-
volvement of 5’-UTR structure in the mechanism behind the selective translation process.
In all, the function of KIN-35 is poorly understood und hence, its role in longevity remains
elusive. These caveats show the need for further studies regarding KIN-35.

4.2.4 Fine-tuning the ISR and it’s impact on longevity

The longevity caused by the potential gain-of-function mutations in ppp-1 prompts further
questions. First, is the over-expression of ppp-1 sufficient to cause an extension in lifespan?
And second, are the mediated ppp-1 effects driven by specific tissues? We aim to answer both
questions by using the previously mentioned SKI LODGE system enabling CRISPR/Cas9-
mediated tissue-specific expression of selected transgenes (Silva-Garcia et al., 2019). By
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over-expressing ppp-1 in a controlled way on a whole-body level using a SKI LODGE cas-
sette driven by an endogenous promoter, we plan to answer the question if increasing ppp-1
expression is sufficient for lifespan extension. Expressing wildtype and mutant ppp-1 in
SKI LODGE cassettes under tissue-specific promoters will show the potential sufficiency of
respective tissue-specific expression of the different gene versions for worm longevity. As
mentioned earlier, to further study tissue-specific responses to ISR inhibition in ppp-1 or
eIF2αS51A mutant worms, the here proposed RiboTag model will enable the analysis of
translation in a tissue-specific context.

Another open question is the following: How do different levels of ISR modulation af-
fect the here described Gcn(-)-mediated phenotypes? In conditions of elevated eIF2α phos-
phorylation levels during prion disease, fine-tuning the ISR precisely with ISRIB mediated
neuron-protective effects. Halliday et al. (2015) hypothesised that maintaining sufficient
translation of key factors while keeping the protective aspects of a functional ISR to a certain
degree might be the key to these observations (Halliday et al., 2015). We speculate that a
similar sweet spot of ISR inhibition might be also a key to healthy ageing and longevity. To
study the hypothesis that a specific degree of ISR inhibition might be beneficial for longevity,
one should further analyse the effects of different levels of ISR modulation on lifespan and
selective translation. In addition, potential negative effects such as increased sensitivity to
stress should be investigated. The lifespan extension of the phospho-dead eIF2αS51A worms
was in a similar range as the ppp-1 mediated longevity. This indicates that full inhibition
as seen in the eIF2αS51A animals is not further driving longevity when compared with a
partial ISR inhibition as seen in the ppp-1 animals, that show a residual ISR activity level.
Moreover, in the eIF2αS51A worms we could observe a hypersensitivity towards ER stress
during development, showing a down-side of low eIF2α phosphorylation levels. In contrast
to ISR inhibition, worms with phospho-mimicking eIF2αS51D mutations were only viable
in a heterozygous state, were short-lived and showed further detrimental phenotypes. This
was in consistence with the use of the ISR activating compound propafenone hydrochloride
and a corresponding reduced lifespan. On the pharmacological level, we further could show
an ISR inhibiting effect of the drug estradiol valerate on ATF-4::GFP reporter and eIF2α

phosphorylation levels that was correlated with longevity. However, we did not perform a
comprehensive analysis of dose effects of ISR modulating drugs. Together, it would be of
great interest to test more states of ISR activity analysing not only lifespan and translation
but also stress sensitivity. This could be achieved using different doses of the here identified
ISR activating and inhibiting drugs. We speculate that a sweet spot of ISR modulation elicits
a translational switch that promotes robustness and longevity.

4.2.5 ISR activity and translation during healthy ageing

Are the effects mediated by the mutations in ppp-1 persistent or changing throughout worm
life and specifically during ageing? Inhibiting the ISR using ISRIB in old mice not only
increased neuronal function and memory but also caused a reduction of inflammatory pro-
cesses in the brain (Krukowski et al., 2020). Since the here identified ppp-1 mutations at least
partially phenocopy the ISRIB-mediated effects, it would be interesting to analyse similar
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phenotypes in aged ppp-1 animals. In the study of Krukowski et al. (2020), an increase of
ISR activity was measured during ageing, analysing ATF4 and phosphorylated GCN2 levels.
This is in line with our data showing high ISR activity levels during worm ageing as measured
by phospho-eIF2α levels. However, the ppp-1 mutations did not rescue the high ISR activity
in old worms (see Fig. 14) as observed for ISRIB-treated old mice (Krukowski et al., 2020).
To consistently compare phenotypes, it would be interesting to additionally measure atf-4
levels in old nematodes. Furthermore, memory could be tested in C. elegans using published
protocols (Kauffman et al., 2011).

Focussing on translation during ageing, overall protein synthesis rates were reported to
decrease during worm ageing (Kirstein-Miles et al., 2013) and reduced protein production
is a well-studied cause of longevity, specifically in the context of dietary restriction (Hansen
et al., 2007; Syntichaki et al., 2007; Tohyama et al., 2008; Pan et al., 2007; Essers et al., 2016;
Karunadharma et al., 2015). However, due to the beneficial effect of ISR inhibition by ISRIB
administration during diseases and healthy ageing, one could speculate that partially rescuing
the low translation during ageing might be of benefit for organismal health (Chou et al., 2017;
Jun Zhu et al., 2019; Halliday et al., 2015; Krukowski et al., 2020). As mentioned above,
maintaining translation to a certain degree that allows sufficient translation of key factors
on the one hand and protective UPR function on the other hand might be beneficial, at
least in selected tissues such as the neurons (Halliday et al., 2015). Therefore, studying the
effects of Gcn(-) mutations on translation during ageing is a compelling future perspective.
It would be interesting to evaluate the effect of ppp-1 mutations on overall and selective
translation during ageing using polysome profiling, ribosome footprinting and eventually
proteomics. Furthermore, our data showed that ISR inhibition by estradiol valerate feeding
extended lifespan, even if the treatment was initiated late in life. The effect of estradiol
valerate treatments starting at different points of life should be investigated on the level
of translation. If selected tissues are sufficient to drive the phenotypes mediated by ppp-
1 mutations generally, studying these tissue-specific effects during ageing would also be of
enhanced interest; this could for example be achieved by measuring tissue-specific translation
using the here developed RiboTag worms. Together, tissue-specific and age-related effects of
Gcn(-) mutations should be investigated to enhance our understanding of the role of the ISR
and the translation initiation process in healthy ageing and longevity.

4.2.6 Gcn(-) mutations, selective translation and longevity in higher organisms

The ISR and translation initiation are both evolutionary conserved intracellular mechanisms.
From our data, we ultimately concluded that in the nematode, tuning eIF2 activity and
translation through genetic or pharmacological ISR inhibition caused longevity without a
suppression of overall protein biosynthesis. We therefore speculate, that fine-tuning of eIF2
and translation might be a therapeutic approach to modulate the ageing process, especially
in the light of other research on ISR modulation during ageing and disease (see chapter 3.2.4).
Our final future perspective is therefore to study if our observations can be recapitulated in
higher organisms. We hence aim to test if the here observed beneficial consequences of Gcn(-)
mutations for worm health and lifespan hold true in mammals. First, the conservation of the

83



molecular Gcn(-) phenotypes should be studied in mouse or human cellular culture systems.
Because the ppp-1 mutations are not conserved in sequence, other known eIF2B mutations
with a Gcn(-) effect (Hinnebusch, 2005), the over-expression of different eIF2B subunits and
finally the eIF2αS51A mutations are currently being recapitulated in cellular systems in Dr.
Martin Denzel’s laboratory. In addition, ISRIB-mediated ISR inhibition and the downstream
effects on translation are being analysed in mammalian cells. More studies are planned to
deeply analyse changes in ISR activity, the translatome and the proteome during Gcn(-)
conditions in the mammalian system to investigate the conservation of our findings in the
nematode.

To further analyse the conservation of the novel Gcn(-) phenotypes observed in C. elegans,
we aim to test if ISR inhibition is causing longevity in mice. The heterozygous eIF2αS51A
mice showing increased learning and memory phenotypes could further be analysed for po-
tential changes in lifespan (Costa-Mattioli et al., 2007). Interestingly, respective homozygous
mouse mutants are not viable and die shortly after birth due to hypoglycemia, indicating a
more complex reaction in response to a full ISR inhibition in mice as compared to worms
(Scheuner et al., 2005). More therapeutically relevant and closer to the ppp-1 mutant worms,
ISRIB was shown to inhibit the ISR via eIF2B and, amongst many other effects, to rescue an
age-induced reduction in neuronal function and memory (see chapter 3.2.4; Costa-Mattioli
and Walter (2020); Krukowski et al. (2020)). Therefore, one of the most urgent questions
arising from this work is if ISRIB administration in mice can extend lifespan. More recently,
2BAct has been developed as enhanced small drug-like eIF2B activator with similar potency
to ISRIB. 2BAct was shown to have improved solubility and pharmacokinetics as compared
to ISRIB, leading to a higher bioavailability and enabling oral administration. In accordance
with ISRIB effects, feeding of 2BAct reversed the chronic ISR activation during VWM and
prevented related pathologies (Wong et al., 2019). Consequently, next to studying ISRIB
effects on lifespan, 2BAct administration in mice is another strategy to test if ISR inhibition
can cause longevity and other effects such as selective translation in mammals. We hypo-
thesise that specifically modulating the ISR and fine-tuning translation initiation in healthy
organisms can extend lifespan not only in worms, but potentially also in higher organisms.
Studying the effect of ISR inhibitors on lifespan in mice might unravel novel insights in pro-
moting the healthy mammalian ageing process. In the future, ISR inhibition might be a
viable option to also promote healthy ageing in humans. These intriguing possibilities are
yet to be discovered.

4.3 The future of RiboTag worms

As mentioned previously, studying translation specifically in selected tissues would be a prom-
ising future direction to further analyse the phenotypes mediated by Gcn(-) mutations in C.
elegans. The here generated RiboTag worms will enable such analyses. We so far optim-
ised endogenous and neuron-specific RiboTag tools for successful studies of the respective
translatomes and plan to use them in the Gcn(-) context. We next aim to expand the Ri-
boTag toolbox by adding soma-, muscle- and eventually intestine-specific RiboTag worms.
We generated respective worm lines, which are currently being characterised in depth exactly
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following the NeuroRiboTag example described in this work. To generate a RiboTag strain
with somatic expression of FLAGRPL-22, we inserted the rpl-22 sequence into a SKI LODGE
cassette under the control of the eft-3 promoter and the unc-54 3’UTR. This promoter
drives ubiquitous gene expression in all tissues but the germline. The potential MuscleRi-
boTag worms express FLAG-tagged RPL-22 from a SKI LODGE cassette under control of a
myo-3 promoter and an unc-54 3’UTR. An intestinal RiboTag line expressing FLAGRPL-22
under the intestine-specific nep-14 promoter is currently in the making. To finally be able
to conclude that the co-IP of assembled ribosomes with translated mRNAs is working from
these lines, we aim to analyse the mRNAs derived by the co-IPs using RNAseq and the same
bioinformatic pipeline that was successfully used in the NeuroRiboTag analysis. Together,
we aim to generate a RiboTag C. elegans toolbox including not only the here described en-
dogenous and neuronal RiboTag lines, but prospectively also lines to investigate the soma-,
muscle- and intestine-specific translatomes in depth. We plan to make the so generated
optimised RiboTag toolbox, the corresponding deep characterisation and the RiboTag IP
protocols available to the whole C. elegans community.

4.3.1 RiboTag worms in a wider context

Originally, we aimed to use the RiboTag worms to analyse overall mRNAa translation in
distinct tissues. Moreover, from a methodical point of view it would be interesting to com-
bine the RiboTag IPs from different tissues with other applications to tackle more diverse
research questions. For example, we could apply the nuclease digestion step of the ribosome
footprinting approach to tissue-specific ribosomes isolated from RiboTag worms. This might
enable detailed analyses of translational control with sub-codon resolution within specific
tissues (Ingolia et al., 2009). Furthermore, it would be interesting to study tissue-specific
mRNA association with monosomes or polysomes specifically. We therefore aim to combine
the separation of monosomes and polysomes on a sucrose gradient with a subsequent RiboTag
IP or vice versa. This combination might not be easy due to the use of very specific buf-
fers for each method and the low stability of ribosomal complexes depending on intact RNA
throughout the experiments. However, both ribosome profiling and RiboTag IP methods
are well established and to our knowledge, combining both has not been done in C. elegans
before, making it a worthwhile goal. This is of particular interest since studying monosome-
and polysome-specific translation has gained attention lately. Recent studies showed that
effective mRNA translation occurred not only in polysomes, but also in monosomes (Heyer
and Moore, 2016). Furthermore, Biever et al. (2020) could show a subtissue-specific role
of monosomal translation in the production of synaptic proteins in neuropils as compared
to neuronal cell bodies. These results were acquired through a specific neuronal cell culture
method, allowing the microdissection of neurites from cell bodies. This enabled the ana-
lysis of translation in the specific cell parts via polysome profiling and ribosome footprinting
(Biever et al., 2020). As mentioned earlier, accurately separating tissues from C. elegans is
not an established technique within the worm field, making similar studies impossible in the
worm. Therefore, enabling the tissue-specific analysis of mRNA distribution to monosomes
or polysomes would be a great add-on for our RiboTag toolbox.
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Figure 32: Schematic depiction of the RiboTag co-IP approach and possible downstream applications.
While the elution of RNA from tissue-specific RiboTag co-IPs allows the analysis of mRNA translation from selected
tissues, the elution of proteins for proteomic approaches might facilitate new research directions in the worm towards
studying tissue-specific ribosomal heterogeniety.
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Another topic that might be addressed with the RiboTag worms is the analysis of tissue-
specific stoichiometries in ribosomal composition. By eluting fully assembled ribosomes from
worm RiboTag co-IPs, tissue-specific ribosomal compositions could be analysed through sub-
sequent quantification of ribosomal proteins by comparative proteomics (Fig. 32). The ex-
istence and role of specialised ribosomes in translation of selected mRNAs is more and more
discussed recently. Ribosomes can be modified in several ways, for example through post
translational modifications, rRNA modifications, different ribosome-associated proteins and
presence or absence of core ribosomal proteins (Genuth and Barna, 2018). It has been shown
that actively translating ribosomes can have different protein compositions and that het-
erogenous ribosomes translate different subpopulations of mRNAs (Shi et al., 2017; Simsek
et al., 2017; Ferretti et al., 2017). For example, ribosomes enriched with specific proteins,
such as RPL-10A, favour translation of mRNAs with internal ribosome entry sites (Shi et al.,
2017). In ribosomes, RPS-26 is mediating Kozak sequence recognition. However, RPS-
26 deficient ribosomes drive translation of selected mRNAs during stress (Ferretti et al.,
2017). While these results can be seen as evidence of heterogeneous ribosomes translating
selected mRNAs, many open questions remain: Which further ribosomal components and
modifications enable specialised translation and how are specific mRNAs recognised by spe-
cialised ribosomes? Furthermore, do different tissues have distinct ribosomal compositions
and might those change throughout different developmental stages or ageing? To identify
specialised functions of heterogenous ribosomes, specific classes of mRNAs need to be bio-
chemically matched with specific ribosomes (Haag and Dinman, 2019). We speculate that the
tissue-specific RiboTag co-IP system from C. elegans combined with RNA sequencing and
proteomic analyses will allow a careful biochemical characterisation of specialised ribosomes
and their potential tissue-specificity. If we can show the C. elegans RiboTag system to be
sufficient to identify heterogenous tissue-specific ribosomes, it would further be interesting
to analyse ribosomal composition during ageing, as translation per se was shown to change
during worm life (Kirstein-Miles et al., 2013). However, ribosome compositions were analysed
during ageing in mice without showing any differences in ribosome protein stoichiometry in
liver and three different brain tissues (Amirbeigiarab et al., 2019). Furthermore, an elegant
study by Cenik et al. (2019) showed that during early larval development in C. elegans,
tissue development occurs without specialised ribosomes. Instead, maternal ribosomes are
sufficient for tissue diversification during embryogenesis (Cenik et al., 2019). Nevertheless,
as described above, ribosome heterogeneity was shown to play a role in post-transcriptional
control (Genuth and Barna, 2018). Ribosomal stoichiometry has not been investigated in
depth for a wider range of tissues during ageing and upon conditions that alter translation
such as the Gcn(-) mutations causing longevity through a translational switch, different cel-
lular stresses or diseases that change translation rates. Therefore, the tissue-specific RiboTag
worms might ease the systematic analysis of ribosome composition in different tissues during
a variety of conditions from an in vivo model. In sum, we hypothesise that the isolation of
fully assembled ribosomes and associated mRNAs from tissue-specific RiboTag worms will
bring novel insights to the selective translation phenotype in Gcn(-) mutant worms. Further,
the RiboTag toolbox has the potential to facilitate several new research directions regarding
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translational regulation in C. elegans.

eIF2

eIF2

GDP

GTP

eIF2B

eIF2 GDP

eIF2BP

High ternary complex Low ternary complex

uORF-mediated translation 
promoting stress resistance

GCN-2 PEK-1

Translational !ne-tuning
Selective translation
extending lifespan

Integrated Stress Response

ONOFF

?
Figure 33: Regulation of ageing and longevity by a re-programming of translation. Fine-tuning of the ISR
might enable different translational switches with distinct beneficial downstream effects.

4.4 Closing remarks

Shifting the balance from growth and reproduction to stress resistance is known to mediate
longevity in a wide range of model organisms from yeast to mammals. Examples are the IIS
and TOR pathways, which have antagonistic functions throughout life and serve as examples
for the ’antagonistic pleiotropy theory’ of ageing.

We found that ISR activity in C. elegans is crucial upon stress during development. How-
ever, if the animals are grown without the experimental application of cellular stress, genetic
and pharmacological ISR inhibition caused an extension of lifespan that was independent of
a down-regulation of overall mRNA translation. Based on our results, we speculate that a
translational switch is mediating the observed lifespan extension rather than the ISR inhibi-
tion per se. Moreover, a permanent genetic or pharmacologic activation of the ISR shortened
the lifespan of C. elegans.

From this, we propose that antagonistic ISR activity levels can facilitate cellular mainten-
ance during stress or, unexpectedly, mediate a switch in translation that promotes longevity
upon ISR inhibition (Fig. 33). The above mentioned future perspectives will elaborate on the
role of the ISR and an ISR-mediated translational re-programming in ageing and longevity.
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5 Materials and methods

5.1 Experimental Model: Worm Handling and Methods

5.1.1 C. elegans strains and culture

All C. elegans strains were maintained at 20 ◦C on nematode growth medium (NGM) agar
plates seeded with the Escherichia coli (E. coli) strain OP50, unless indicated otherwise
(Brenner, 1974). To provide an isogenic background in all mutant strains, they were out-
crossed against the wildtype Bristol N2 strain. All strains used in this study are listed in
chapter 5.4, including outcrossing information and source. Genotyping primers used in this
study are listed in chapter 5.4. The strains ppp-1(syb728) II and ppp-1(syb691) II were gen-
erated by SunyBiotech (China) using CRISPR/Cas9; the correct sequence was verified by
PCR and Sanger sequencing (Eurofins Genomics, Germany) All RiboTag strains including
rpl-22(wbm58) II and wbmIs99 [rab-3p::3xFLAG::rpl-22 ::SL2::wrmScarlet::rab-3 3’UTR] were
generated by Anne Lanjuin, PhD, in the laboratory of assoc. Prof. William Mair (Harvard
T.H. Chan School of Public Health).

5.1.2 Unbiased forward longevity screen

The longevity screen was performed with the temperature sensitive sterile strain CF512 fer-
15(b26) II; fem-1(hc17) IV. L4 larvae were exposed to 0,3 % ethyl methane sulfonate (EMS,
Sigma) in M9 buffer for 4 h at room temperature. After recovery overnight, young P0 adult
animals were transferred to new plates. Singled F1 progeny were allowed to lay eggs overnight.
In the next generation, singled F2 progeny were allowed to lay eggs for 16 h. After egg-laying,
F2 worms were stocked at 15 ◦C. F3 eggs were heat shocked at 25 ◦C for 48 h to induce sterility
and adult animals were scored twice a week for preliminary lifespan analysis. Mutants that
outlived the non-mutagenized control by 20 % (maximum lifespan) were selected for regular
demographic lifespan analyses to confirm the longevity phenotype. After the lifespan assays,
mutants with a mean lifespan extension above 18 % compared to non-mutagenized CF512
controls were selected for whole genome sequencing.

5.1.3 Mutant mapping and sequence analysis

Genomic DNA of selected long-lived strains was prepared using the QIAGEN Gentra Pure-
gene Kit. Whole genome sequencing was conducted on the Illumina HiSeq2000 platform.
Paired-end 100 bp reads were used; the average coverage was larger than 16-fold. Sequencing
outputs were analysed using the CloudMap Unmapped Mutant Workflow pipeline on Galaxy
(Minevich et al., 2012). The WS220/ce10 C. elegans assembly was used as reference genome.

5.1.4 Lifespan assays

Gravid day 1 adults were allowed to lay eggs for 5 h. The offspring was used for lifespan
analysis. The L4 stage was defined as day0 and more than 100 worms were used per strain
and condition. Worms were kept at 20 ◦C on NGM plates seeded with OP50 E. coli at all
times. The animals were transferred every second day to fresh plates until they reached
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the post-reproductive stage. Scoring was performed every second day by monitoring (touch-
provoked) movement and pharyngeal pumping. Animals in all RNAi lifespan assays were
treated with RNAi from the young adult stage on and kept on NGM plates seeded with
HT115 E. coli bacteria expressing control luciferase or candidate RNAi clones throughout
the experiment. Animals in all lifespan assays on estradiol valerate (Est Val, Sigma), ISRIB
(Sigma) or propafenone hydrochloride (Propa, Sigma) were transferred at the L4 stage to
NGM plates containing 1 % DMSO (Sigma) and 20 µM Est Val/ISRIB/Propa or to control
plates with 1 % DMSO only. Animals in lifespan assays on tunicamycin (TM, Sigma) were
transferred on day 1 of adulthood to NGM plates containing 20 µg/mL TM and 1 % DMSO or
control plates with 1 % DMSO only. Lifespan assays of heterozygous animals were performed
on F1 hermaphrodites after crossing of mutant hermaphrodites to wildtype male animals.
In all lifespan experiments, worms that had undergone internal hatching, vulval bursting,
or worms crawling off the plates were censored. Throughout the experiment, strain and/or
treatment was unknown to researchers. Data were assembled on completion of the experi-
ment. Statistical analyses were performed with the Mantel-Cox log rank method in Prism
(Version 8.2.0). All detailed statistics on the here performed lifespan assays are depicted in
the appendix (see chapter 5.4, Tab. 8) or published in Derisbourg et al. (2021).

5.1.5 Outcrossing following longevity

To outcross EMS-mutagenised worm strains following the phenotype of longevity, a par-
ental EMS-mutant CF512 worm line from the forward longevity screen was crossed to un-
mutagenised CF512 males. From successful crosses, 12 individually outcrossed strains in the
F2 generation (that underwent two distinct outcrossing events each) were allowed to perform
an egg lay on 12 new single plates each for lifespan analysis and on further plates for stocking
at 15 ◦C. F3 eggs on a total of 144 plates for lifespan analyses were heat shocked at 25 ◦C for
48 h to induce sterility and adult animals were broadly scored twice a week for dead worms
per plate. Analysing the maximum lifespan, mutants on plates that largely outlived the non-
mutagenised control by at least two days were selected for whole genome sequencing. The
genomic DNA of the respective stocked worms was prepared, pooled and a whole genome
sequencing was performed and the results analysed as described earlier. Homozygous EMS
SNPs were identified from the pooled data of the outcrossed worms and compared to the EMS
SNPs from the original long-lived CF512 line. Only congruent EMS SNPs were further ana-
lysed. The number of remaining congruent SNPs divided by the number of EMS mutagenesis
SNPs from the original long-lived CF512 strain indicated the success of this method.

5.1.6 The CRISPR/Cas9 generation of the R160.6(wrm23) allele

CRISPR/Cas9-mediated gene editing was performed using the recombinant Cas9 EnGen nuc-
lease from S. pyogenes (NEB). Design of CRISPR guides was performed using the CRISPOR.org
web tool specified for the use of Cas9 (Concordet and Haeussler, 2018). To induce SNPs via
HDR, the repair template was designed following the recommendations of Paix et al. (2017).
Single guide RNAs and tracrRNA were ordered from IDT genomics. In addition, linear re-
pair templates were ordered as Ultramer DNA Oligos from IDT genomics. Guides targeting
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the dpy-10 gene were used as co-injection markers as recommended by Paix et al. (2017).
Injections were performed using the following mix: 1 µL Cas9 (3.2 µg/µL), 2.5 µL tracrRNA
(4 µg/µL), 0.4 µL dpy-10 sgRNA (8 µg/µL), 0.5 µL target sgRNA (8 µg/µL), 1 µL target lin-
ear repair template (1 µg/µL), 0.25 µL KCl (1 M), 0.375 µL HEPES pH 7.4 (200 mM), H2O
up to a total volume of 10 µL. The mix was incubated for 10 min at 37 ◦C to allow activation
of the Cas9 enzyme.

Wildtype worms were used for injections of the CRISPR/Cas9 mix. L4 larvae or young
adults were placed in a 20 µL drop of halocarbon oil (Sigma) on a 2 % agarose pad. Injections
of the CRISPR/Cas9 mix were done using a Carl Zeiss Axio Imager Z1 microscope with a
manual micromanipulator, connected to a microinjector (Femtojet4). When the offspring of
injected worms showed a dpy phenotype in the F1 generation, siblings of the same parental
animal were singled and genotyped for the desired gene edit.

Single guide RNA sequences:
dpy-10 : CGCTACCATAGGCACCACG
R160.6 (1): TCTACCACCGTAGTAAGACC
R160.6 (2): CGCCTATACTCAAATAAATA

Repair template sequence R160.6 :
gtaagtttttggaattttttgggaaagtaattaaaaatcgtatctatctgagCATAGGCAAACAAAATAGAATA-
TTACTCTATCATCGTAGCAAGACATGGAATACTATTAAAGTGGGCAAAAACGGGC

Red: Desired gene edit
Blue: Silent mutations to prevent re-cutting of Cas9
Green: (Mutated) PAM site
Underlined: Single guide RNA binding site

5.1.7 Thermotolerance assays

After an egg-lay, synchronised day 1 animals were transferred to 6 cm NGM plates containing
OP50 E. coli and placed at 35 ◦C. Survival was scored for (touch-provoked) movement and
pharyngeal pumping every two hours until no survivors were left. Worms with internal
hatching, vulval bursting, and worms crawling off the plates were censored. Throughout
the experiment, strain and/or treatment was unknown to the researcher. Unless stated
otherwise, at least 3 independent experiments were performed, error bars represent means
±SD and assays were analysed by two-way ANOVA, Dunnett’s or Sidak’s post hoc test as
indicated. All detailed statistics on the here performed thermotolerance assays are published
in Derisbourg et al. (2021).
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5.1.8 Dauer formation assays

Day 1 adult worms were allowed to lay eggs for 5 h at room temperature. For dauer formation
assays, the offspring was kept at 27 ◦C for 60 h directly after the eggs were laid. Dauer and
non-dauer animals were scored according to their appearance (with at least 50 animals per
strain). Dauer and non-dauer stages were verified by performing microscopy of the worm
cuticle (Zeiss Imager Z1, Axio Cam ICC5, Zen 2.3 pro software). Images were analysed with
ImageJ.

5.1.9 Motility assays

Animals carrying the unc-54P::Q35:YFP (polyQ35) or the or the unc-54P::α-syn transgene
were grown on NGM plates seeded with OP50 E. coli. For RNAi experiments, they were
transferred at the L4 stage to plates seeded with HT115 bacteria expressing luciferase or
candidate RNAi clones. On day 7 or day 8 of adulthood, motility was tested by transfer-
ring single worms to M9, where they were allowed to acclimatise for 30 sec, followed by the
counting of body bends over 30 sec. At least 12 worms were scored per experiment, genotype
and/or treatment. Throughout the experiment, strain and/or treatment was unknown to
the researcher. Unless stated otherwise, at least 3 independent experiments were performed,
error bars represent means ±SD and assays were analysed by one-way ANOVA, Dunnett’s
post hoc test.

5.1.10 RNAi experiments

For RNAi mediated knockdown of specific genes, HT115 bacteria carrying vectors for dsRNA
of the target gene under a promotor inducible by isopropyl ß-D-1-thiogalactopyranoside
(IPTG) and an ampicillin resistance were used. Bacteria were seeded on NGM plates contain-
ing 100 µg/µL ampicillin (Merck Millipore) and 1 mM IPTG (Roth). After egg-lay, worms
were grown on regular NGM plates seeded with OP50 bacteria until the L4 stage and then
transferred to RNAi plates. RNAi against luciferase was used as non-targeting control.
All RNAi clones were obtained from the Ahringer and Vidal RNAi libraries (Kamath and
Ahringer, 2003; Rual et al., 2004). Clones were validated by plasmid purification (QIAprep
Spin Miniprep Kit, Qiagen) and sequencing using the L4440 seq RV primer.

5.1.11 Induction of endoplasmic reticulum stress with tunicamycin

To induce endoplasmic reticulum (ER) stress with tunicamycin, worms were transferred on
NGM plates containing different tunicamycin concentrations and 1 % DMSO or control plates
with 1 % DMSO only. Standard treatment was at 10 µg/mL tunicamycin for 6 h at day 1
of adulthood, unless stated otherwise. Treatments for lifespan experiments, the compound
screen, and developmental tunicamycin resistance assays are specifically described in the
respective methods subsections.
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5.1.12 Induction of endoplasmic reticulum stress with dithiothreitol

Endoplasmic reticulum (ER) stress was induced by incubation of worms in dithiothreitol
(DTT, Sigma). For the DTT treatment, an overnight culture of OP50 bacteria was 10-
fold concentrated in S-basal medium. Worms were transferred into 250 µL S-basal medium,
200 µL 10-fold concentrated OP50 E. coli and 5 µL 1 M DTT diluted in S-basal. The volume
was filled up to a total of 1 mL with S-basal (final DTT concentration: 5 mM). Worms were
incubated for 2 h at 200 rpm. For further analysis by western blotting, worms were kept on
ice after treatment and washed three times in M9 buffer. Finally, worms were shock-frozen
in liquid nitrogen and kept at -80 ◦C until further use.

5.1.13 Developmental tunicamycin resistance assays

For developmental tunicamycin (TM) resistance assays, NGM plates supplemented with
10 µg/mL TM or indicated TM concentrations and control plates without TM were used
(seeded with OP50 bacteria). 50 to 80 synchronised eggs per genotype and/or condition were
added to the plates. Development to the adult stage was scored after 4 or 5 days. Unless
stated otherwise, at least 4 independent experiments were performed, error bars represent
means ±SEM and assays were analysed by two-way ANOVA, Sidak’s post hoc test.

5.1.14 Selective RNAi screen for suppressors of ppp-1 motility

Synchronised worms of the ppp-1(wrm10) strain crossed to mLs133[unc-54P::Q35:YFP] an-
imals (ppp-1 polyQ35) and control mLs133[unc-54P::Q35:YFP] worms (WT polyQ35) were
grown to the L4 larval stadium. Animals were then placed on NGM plates containing 10 µM
5-Fluoro-2’-deoxyuridine (FUDR, Sigma) to inhibit the development of progeny. Plates were
seeded with HT115 bacteria expressing selected RNAi clones to knock down specific genes in
the nematodes. At day 8 of adulthood, the motility of ppp-1 polyQ35 as well as WT polyQ35
worms was assessed on luciferase control RNAi and 66 RNAi treatments targeting mRNAs
enriched in ppp-1 polysomes. To test motility, 15 worms were picked into the center of a
10 mm circle on an unseeded NGM plate and their ability to leave the circle after one minute
was scored. For more reliability, 4 experiments were performed for the control conditions
(WT polyQ35 and ppp-1 polyQ35 on luciferase RNAi; error bars represent means ±SD).

RNAi treatments rescuing the ppp-1 polyQ35 motility phenotype to at least 50 % com-
pared to the ppp-1 polyQ35 control on luciferase RNAi were validated by full motility assays
(without usage of FUDR) counting body bends over 30 seconds in liquid. In a counter screen,
the effect of the RNAi treatments on WT polyQ35 animals was tested. To this end, young
worms were treated as described before and the motility on day 6 of adulthood was scored
as described above. If motility of WT polyQ35 worms treated with RNAi against candidate
mRNAs was significantly lower compared to animals treated with luciferase RNAi, candidates
were excluded from further analysis.
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5.1.15 Worm imaging

For worm imaging, animals were arranged in stacks on unseeded NGM plates and kept on
ice. Images were taken with a fluorescence microscope (Leica M165FC) and a camera (Leica
DFC 3000G). Images were taken and analysed with the Leica Application Suite X (Version
3.4.1.17822), scale bars as indicated in the figures.

5.1.16 Compound screen

To identify compounds inhibiting the ISR, synchronised atf-5P::GFP::unc-54 3’UTR L4 an-
imals were transferred to NGM plates without or with 4 µg/mL tunicamycin (TM). Further-
more, plates were supplemented with 1 % DMSO (Sigma) as control, or with 1 % DMSO and
20 µM estradiol valerate (Sigma), ISRIB (Sigma), GSK2606414 (Calbiochem), propafenone
hydrochloride (Sigma), azadirachtin (Sigma) or estriol (Sigma), respectively. Day 1 animals
were analysed by fluorescent microscopy as described above.

5.1.17 Pharyngeal pumping

Pharyngeal pumping rates of synchronised animals were measured at day 1 of adulthood by
counting pharyngeal contractions per worm during 30 sec. Per experiment and genotype, at
least 15 worms were analysed. Throughout the experiment, strain and/or treatment was
unknown to the researcher. Error bars represent means ±SD.

5.1.18 Generation time

For generation time assays, synchronised eggs were allowed to develop to adult worms on
single plates until they laid the first egg, which was defined as generation time. After 55 h,
animals were scored every hour with 15 worms being analysed per experiment and genotype.
Throughout the experiment, strain and/or treatment was unknown to the researcher. Error
bars represent means ±SD.

5.1.19 Brood size assays

For brood size assays, synchronised L4 worms were placed on individual NGM plates seeded
with OP50 bacteria. Worms were transferred to fresh plates every 24 h until no more eggs
were laid. The number of viable progenies on each plate was counted and summed up per
individual parental worm per day or in total. Per experiment, genotype and/or condition, at
least 15 parental worms were analysed. Error bars represent means ±SD.

5.2 Molecular biology and biochemistry

5.2.1 RNA extraction and qRT-PCR (qPCR)

For qPCR analyses, day 1 worm samples or indicated samples from ribosome profiling were
collected in TRI Reagent (Zymo) and frozen in liquid nitrogen. RNA extraction was per-
formed using the Direct-zol RNA MicroPrep Kit (Zymo Research) according to the manufac-
turer’s recommendations, followed by cDNA synthesis (iScript cDNA Synthesis Kit, BioRad).
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qPCRs were performed using Power SYBR Green PCR Master Mix (Applied Biosystems) on
a ViiA 7 Real-Time PCR System (Applied Biosystems). All primers used in this study can
be found in chapter 5.4. Primers for the gene act-1 were used as internal control. Unless
stated otherwise, at least three independent experiments were performed, error bars represent
means ±SEM and assays were analysed by two-way ANOVA, Tukey’s post hoc test.

5.2.2 Western blotting

For Western blotting, day 1 worms were collected in M9 and snap frozen in liquid nitrogen.
For protein extraction, worms were lysed in Ripa buffer (150 mM NaCl, 1 % NP40, 0.5 %
sodium deoxycholate, 0.1 % SDS, 50 mM Tris-HCl, pH 8.0, completed with protease inhib-
itors), sonicated and spun down. The supernatant was taken to protein quantification by
bicinchoninic acid assay (Pierce BCA Protein Assay Kit, Thermo Fisher). Equal amounts of
protein were taken to NuPAGE LDS Sample Buffer (4X, ThermoFisher) containing 50 mM
Dithiothreitol (DTT). Proteins were then separated by reducing sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes
(AmershamTM Hybond ECL), followed by blocking with milk or bovine serum albumin
(BSA) and antibody labelling with specific antibodies to phospho-eIF2α (Ser51) (Cell Sig-
naling; 1:2.000 in 2 % BSA), puromycin (Merck Millipore; 1:10.000 in 5 % milk), Living Colors
GFP (Clontech; 1:5.000 in 5 % milk), FLAG (Sigma; 1:5.000 in 3 % milk), RPS-6 (Abcam;
1:1.000 in 1 % BSA), α-tubulin (Sigma; 1:10.000 in 5 % milk) and histone H3 (Abcam; 1:10.000
in 5 % milk). Immunolabelling was visualised using chemiluminescence kits (ECL, Amersham
Bioscience) on a Chemidoc MP Imaging System (Biorad) and analysed with the ImageLab
Software (version 5.2, Biorad). Labelling was quantified with Image J (version 1.51) and
Prism (version 8.2.0). For Western blot analyses of compound-feeding experiments, worms
were fed after hatching with 20 µM Est Val and 1 % DMSO, or 1 % DMSO only. ER stress
by DTT or TM was induced as described above. For Western blot analysis at day 6 of adult-
hood (and corresponding day 1 control experiments), worms were transferred to NGM plates
containing 10 µM 5-Fluoro-2’-deoxyuridine (Sigma) at the L4 stadium. The collection of the
Western blot samples was conducted at the same time for day 1 and day 6 animals. Unless
stated otherwise, at least 4 independent experiments were performed, error bars represent
means ±SEM and assays were analysed by one-way ANOVA, Tukey’s or Dunnett’s post hoc
test as indicated.

5.2.3 35S-methionine labelling

To monitor translation rates, 35S-methionine labelling was performed based on Hansen et al.
(2007). OP50 bacteria were cultured overnight in LB medium (1 mL/sample) containing
15 µCi of 35S-methionine and concentrated 10-fold. synchronised day 1 worms were added to
the mix and incubated for 3 h at room temperature. Worms were washed twice with S-basal
and incubated in non-radioactive OP50 (10-fold concentrated). Worms were washed twice
with S-basal medium and flash frozen three times in liquid nitrogen. Worm pellets were boiled
in 100 µL 1 % SDS and centrifuged 2 min at 2000 g to remove cuticles. Supernatants were
submitted to trichloroacetic acid precipitation. Protein pellets were neutralized with 20 µL of
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0,2 M NaOH. Proteins were solubilized with 180 µL of 8 M urea; 4 % chaps; 1 % DTT. Protein
concentrations were measured using Bradford reagent and 35S radioactivity was measured
by liquid scintillation. Unless stated otherwise, at least 5 independent experiments were
performed, error bars represent means ±SEM and assays were analysed by one-way ANOVA,
Dunnett’s post hoc test.

5.2.4 Surface sensing of translation (SUnSET), puromycin incorporation

To monitor protein synthesis in a non-radioactive manner using puromycin incorporation
and detection based on Schmidt et al. (2009), day 1 worms were collected in M9 and once
washed into S-basal medium. For the puromycin treatment, an overnight culture of OP50
bacteria was 10-fold concentrated in S-basal medium. Worms were then transferred into
250 µL S-basal medium, 200 µL 10-fold concentrated OP50 and 50 µL 10 mg/mL puromycin
diluted in S-basal. The volume was filled up to a total of 1 mL with S-basal (final puromycin
concentration: 0,5 mg/mL). Worms were incubated for 3 h at 200 rpm. Afterwards, they
were washed 3 times in S-basal and snap-frozen in liquid nitrogen. Worms were kept on ice
after the puromycin treatment. Protein extraction and Western blot using anti-puromycin
antibody (Merck Millipore) was performed as described before.

5.2.5 Polysome profiling

For the analysis of translation via polysome profiling based on Großhans and Ding (2009),
synchronised gravid day 1 adults were grown on NGM plated seeded with OP50. Per genotype
and replicate, ∼12000 worms were harvested and washed twice with M9, once with M9
supplemented with 1 mM cycloheximide (Sigma) and once with lysis buffer (20 mM Tris
pH 8.5, 140 mM KCl, 1.5 mM MgCl2, 0.5 % Nonidet P40, 1 mM DTT, 1 mM cycloheximide).
Worms were pelleted and resuspended in 350 µL cold lysis buffer supplemented with 1 %
sodiumdeoxycholate (DOC, Sigma). Resuspended worms were lysed using a chilled Dounce
homogenizer. Ribonuclease inhibitor RNasin (Promega) was added to samples used for RNA
sequencing or quantitative PCR (qPCR) at a concentration of 0,4 U/µL. Samples were then
mixed and incubated on ice for 30 min, followed by a centrifugation step (12000 g, 10 min,
4 ◦C) for clearance. The pellet was discarded and the RNA concentration of the supernatant
was estimated by absorbance measurement at 260 nm.

To prepare sucrose gradients, 15 % (w/v) and 60 % (w/v) sucrose solutions were prepared
in basic lysis buffer (20 mM Tris pH 8.5, 140 mM KCl, 1.5 mM MgCl2, 1 mM DTT, 1 mM
cycloheximide). Linear sucrose gradients were produced using a Gradient Master (Biocomp).
Equivalent amounts of sample (around 400 µg RNA) were loaded on the gradient and cent-
rifuged at 39000 g for 3 h at 4 ◦C, using an Optima L-100 XP Ultracentrifuge (Beckman
Coulter) and the SW41Ti rotor. To analyse the sample on the gradient during fractionation,
absorbance at 254 nm was measured and recorded (Econo UV monitor EM-1, Biorad) using
the Gradient Profiler software (version 2.07). Gradient fractionation was performed from the
top down using a Piston Gradient Fractionator (Biocomp) and a fraction collector (Model
2110, Biorad). Gradients were fractionated in 20 fractions of equal volume. In an initial
experiment, the ribosomal fractions were validated by analyzing RNA from each fraction via
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agarose gel electrophoresis. The 18 S and 28 S rRNA signals were used as indicators for the
40 S ribosomal subunit, the 60 S ribosomal subunit and fully assembled ribosomes. Quanti-
fication of the ribosomal complexes was performed using Image J and statistically analysed
with Prism. Unless stated otherwise, at least 4 independent experiments were performed,
error bars represent means ±SD and assays were analysed by two-way ANOVA, Dunnett’s
post hoc test.

For more precise analysis of ribosomal fractions, they were collected by hand according
to their absorbance profile; for RNAseq and qPCR analyses, one fraction for 80 S ribosomes
and one for polysomes (excluding disomes) was collected per sample. RNA extraction from
total lysates and from each fraction was performed using the Direct-zol RNA MicroPrep Kit
(Zymo Research) according to the manufacturer´s recommendations.

5.2.6 Polysome sequencing

For polysome sequencing, monosome extracts, polysome extracts (without disomes), and
corresponding total RNA were collected as detailed above. cDNA libraries were generated
with ribosomal RNA depletion at the Cologne Center for Genomics and sequenced on the
Illumina HiSeq2000 platform.

For data analysis, raw reads from all RNAseq and polysome sequencing replicates were
mapped to the C. elegans reference genome (ENSEMBL 91) using HISAT2 (v2.1.0; Kim
(2015)). After guided transcriptome assembly with StringTie (v1.3.4d), transcriptomes were
merged with Cuffmerge and quantification was performed with Cuffquant (Pertea et al.,
2015). The analysis for differential gene expression for total, monosomal and polysomal RNA
was performed with Cuffdiff (Cufflinks v2.2.1; Trapnell et al. (2012, 2010)). To analyse the
translatome, the abundance of each mRNA in the polysomal fraction was normalized to its
abundance in the total input mRNA. Respective normalized values were used to identify
changes between different conditions using Student’s t-test. For further analyses, we only
included the mRNAs that were found significantly changed in both ppp-1 mutants. For
each mRNA, the mean p-values and the mean log-2 fold change of both ppp-1 mutants were
used. David analysis was performed to identify significantly enriched gene ontology terms
(Fresno and Fernandez, 2013). The RNA sequencing data from this work have been depos-
ited in NCBI’s Gene Expression Omnibus and are accessible through GEO Series accession
number GSE144607. Furthermore, detailed analysed sequencing results are published in the
supplementary materials in Derisbourg et al. (2021).

5.2.7 TCA protein precipitation from polysome profiling fractions

For trichloroacetic acid (TCA) precipitation of ribosomal proteins from polysome profiling
experiments, fractions of 600 µL were collected from the polysome profiling. For protein
precipitation of each 600 µL fraction, 100 µL of 100 % TCA and 800 µL cold acetone were
added. Precipitation was performed at -80 ◦C over night. Samples were thawed carefully on
ice and centrifuged at 16.000 g for 10 min at 4 ◦C. Precipitates were washed two times with
900 µL cold acetone. Acetone was removed by pipetting and evaporation for 1 h at room
temperature. Subsequently, pellets were resuspended in 50 µL of 1x Laemmli Sample Buffer

97



(BioRad) with 2.5 % v/v β-mercaptoethanol, incubated for 10 min with constant shaking
on 95 ◦C and sonicated twice for 2 min before analysis via SDS-PAGE and western blot as
described earlier.

5.2.8 Immuno-precipitation of tagged ribosomes

Protein G coated dynabeads (ThermoFisher) were incubated with 0.1 µg monoclonal anti-
FLAG antibody (Sigma) per µL of dynabeads at 4 ◦C and constant rotation over night. Per
RiboTag co-IP, 30.000 synchronised day 1 worms were collected in M9 buffer and washed two
times in M9 and one final time in M9 including 1 mM cycloheximide (Sigma). Samples were
then washed with lysis buffer prepared in nuclease free water (10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) pH 7.4, 150 mM KCl, 5 mM MgCl2, 0.5 mM DTT,
1 mM cycloheximide, EDTA free Protease Inhibitor). Worms were pelleted at 2,000 g for
2 min and the supernatant was discarded. The residual 500 µL worm pellet was shock frozen
by dropping it into liquid nitrogen in fractions of 20 µL. The resulting frozen worm pearls
were carefully lysed using the TissueLyserII (Qiagen) for twice 1 min at 30 Hz using metal
beads of 5 mm diameter. Keeping all parts and the samples RNase-free and ice-cold at all
times was crucial. Lysed worm powder was thawed on ice in a final volume of 3.75 ml (with
approximately 8 worms/ µL) lysis buffer including 0.5 % v/v NP-40 (Sigma), 0.4 U/µL RNasin
(Promega), 10 mM ribonucleoside vanadyl complex (RVC by NEB), 33 mM 1,2-diheptanoyl-
sn-glycero-3-phosphocholine (DHPC by Merck) and 1 % w/v sodium deoxycholate (Sigma).
Samples were incubated for 30 min on ice. After centrifugation at 12.000 g for 10 min at 4 ◦C,
the supernatant was further used and the pellet was discarded. As total RNA input sample,
200 µL of post-mitochondrial supernatant was mixed with 200 µL of RLT buffer (Qiagen
RNeasy Kit) including 1 % v/v β-mercaptoethanol. This total RNA input sample was then
vortexed, incubated for 10 min at room temperature and stored at -80 ◦C. The remaining
post-mitochondrial supernatant was next pre-cleared with washed 10 µL protein G coated
Dynabeads without coupled antibody for at least 1 h. Samples were then incubated with
FLAG-antibody-coupled beads for at least 2 h at 4 ◦C and constant rotation. Supernatant
was taken and frozen at -80◦C as control. Beads were washed three times with wash buffer
(10 mM HEPES pH 7.4, 350 mM KCl, 5 mM MgCl2, 1 % v/v NP-40, 0.04 U/µL RNasin).
Afterwards, beads were either incubated with 50 µL of 1x Laemmli Sample Buffer (BioRad)
including 2.5 % v/v β-mercaptoethanol, followed by elution of proteins at 95◦C for 10 min
and analysis by SDS-PAGE and Western blotting. Alternatively, the beads were incubated in
350 µL of RLT buffer (Qiagen RNeasy Kit) including 1 % v/v β-mercaptoethanol for 10 min
at room temperature. The eluate was separated from the beads and RNA purification was
performed using the Qiagen RNeasy Kit following the manufacturer’s protocol and analysed
using Agilent Technologies 2200 TapeStation System or further analysed in RNA sequencing
experiments.

5.2.9 RNA sequencing from RiboTag co-IP samples

For RNA sequencing from RiboTag co-IP samples, RNA was eluted and purified as described
above. RNA sequencing was performed in collaboration with the laboratory of assoc. Prof.
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William Mair (Harvard T.H. Chan School of Public Health) and the Molecular Biology Core
Facility at the Dana-Farber Cancer Institute (Boston). All RNA samples were processed
using a Kapa mRNA library preparation and sequenced on an Illumina sequencing platform.

Raw reads were quantified using the alignment free quantification tool kallisto version
0.45.0 and the reference genome WBcel235 (Bray et al., 2015). Gene counts were imported
to R version 3.5.1 and normalised to library size using DESeq2 version 1.22.2 (Love et al.,
2014). General differential gene expression was determined using DESeq2. Functional enrich-
ment of differentially expressed genes was performed using the DAVID API using all genes
as background (Huang da et al., 2009). Polysome Fractionation or RiboTag IP samples were
normalised to total input RNA by dividing data through total input for each replicate re-
spectively. The Mann-Whitney-U test was performed for each gene comparing two groups
using the scipy.stats python package. Functional enrichment of differentially expressed genes
was performed using the DAVID API (background: all genes).

For the principle component analyses (PCAs), the principal components were calculated
on individual log2(ratios) using only genes present in all samples relevant for the comparison
using the R function prcomp. The first and second component were visualised as a scatterplot
also indicating the variance depicted by each component on the axis label. The scatterplots
show the average ratio after log2 transformation for the respective group. These figures only
show genes present in both groups. The R function used for the plot is SmoothScatter. The
Spearman Rank Correlation coefficient was calculated using only the genes represented by
the scatterplot. The dotted green line represents the diagonal y = x. Darker blue represent
a higher density of genes at this location.

For a normalisation of immuno-precipitation counts to input counts from NeuroRiboTag
experiments, counts were normalised using EdgeR’s upper quartlie normalisation. RPKMs
were calculated for each group and genes were kept with an rpkm greater than 1 in both
groups. The log2fc of input versus total RNA counts was calculated. The top 5 % of highest
or lowest log2fc was submitted to a Tissue Enrichment Analysis (TEA, Angeles-Albores et al.
(2016)). TEAs tested a C. elegans-specific tissue ontology for enrichment of specific terms.

5.3 Statistics

Unless stated otherwise, results are presented as means +/±SD or means +/±SEM. Un-
less noted otherwise, statistical tests were performed using one-way or two-way ANOVA
with Sidak’s, Dunnet’s or Tukey’s multiple comparison test. Significance levels are ∗p<0.05,
∗∗p<0.01, and ∗∗∗p<0.001 versus WT control unless otherwise noted. Experiments were
carried out with at least three biological replicates unless noted otherwise.
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5.4 Worm strains and primers used in this study

Table 1: Worm strains used in this study.
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Table 2: Genotyping methods and primers used in this study.

Table 3: RT-qPCR primers used in this study.
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Appendix

Supplementary material

Table 4: The high-confidence candidate gene list from the forward longevity screen. Depicted
are the the first and last gene from the list sorted by a score integrating the coding
size of the gene with the number of independent alleles in long-lived worms generated
by the EMS mutagenesis. The lower the score, the more likely the mutation in the
gene has an effect. Identified novel daf-2 alleles are shown as reference. Furthermore,
genes that were tested are depicted. Mutations in the shown genes were re-created
using CRISPR/Cas9 (orange) or respective lines were outcrossed for corresponding
mutations (blue). The outcrossing of defined alleles in ppp-1, gcn-2 and pek-1 caused
longevity (green).
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Table 5: TEA of the 5 % most up-regulated genes in NeuroRiboTag co-IP elution fractions
compared to total RNA levels. Shown are all significantly enriched C. elegans tissue
terms.
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Table 6: TEA of the 5 % most down-regulated genes in NeuroRiboTag co-IP elution fractions
compared to total RNA levels. Shown are all significantly enriched C. elegans tissue
terms.

128



Table 7: Human and mouse orthologs of C. elegans kin-35. Orthologs determined using En-
sembl 2021 (Howe et al., 2021).
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Table 8: Lifespan statistics.
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Contributions

Table 9: Experimental work contributions.
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